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The world will soon have more aged people than children
and more people at extreme old age than ever before [1].
Improving quality of life as well as reducing severe disability
due to age-related problems has become key for the health
systems worldwide. The ageing of the world population has
both structural and functional consequences for the human
visual system; changes due to ageing occur in all the struc-
tures of the eye causing a variety of effects.

Over the last few years, great advances in ophthalmic
instrumentation allow the determination of ocular parame-
ters to a level of detail without precedent. Such advances
allow researchers to develop specific devices for visual correc-
tion and rehabilitation and at the same time guide the clini-
cians in their decision making and selection of treatment
options to convey with the increasing demand of high-
quality outcomes of the ageing population.

This special issue aimed at creating a multidisciplinary
forum of discussion on recent advances in the knowledge of
the effects of ageing in the anterior segment of the human
eye’s structure and function, and improvements on early
detection, treatment, and prognosis of age-related ocular
conditions of the anterior segment. As a result, a remarkable
compilation of ten articles cover many of these very different
aspects of ocular ageing.

Y. Zha et al. report significant biometric differences
between preterm infants without retinopathy compared to
term infants with interesting implications in refractive devel-
opment. L. F. Hernandez-Zimbrón et al. carried out an inter-
esting revision of different age-related processes occurring in
the different structures of the anterior segment of the eye
from a biological perspective and at molecular level. They
conclude that the structural and molecular changes observed
in the anterior eye segment are caused by molecular changes
in intercellular unions, structural arrangements of collagen
fibers, overexpression of degradation enzymes, underexpres-
sion of inhibitors of metalloproteases in tissues, UV light
absorbed, inflammatory cytokines and molecules, and dys-
regulation of autophagy, among others.

All these changes affect the optical properties of the opti-
cal media, and this topic is covered by S. Gholami et al., who
investigate the changes in retinal straylight occurring with
cataracts of different types and their impact in visual perfor-
mance, highlighting the importance of including cataract
morphology when assessing the visual impact of this age-
related condition. M. Jaskulski et al. propose a new refraction
metric to better predict spherocylindrical refraction from
optical quality metrics for varying pupil sizes. Pupil size
determination, on the other side, is suggested by S. Frost
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and coauthors as an interesting tool for screening preclinical
Alzheimer disease since they report changes in pupil flash
response in this preclinical phase of the condition.

Pseudoexfoliation syndrome as an age-related complex
systemic disorder and its relationship with vascular disease
was explored by H. Lesiewska et al., which has been inconclu-
sive from the outcomes of previous reports.

A. K. Schuster et al. report on the distribution of iris
conicity using Scheimpflug imaging in a population-based
study, part of the outcomes from the Gutenberg Health
Study, and test whether pseudophakia allows the iris to sink
back. They conclude that steeper conicity was independently
associated with a shallow anterior chamber and thicker crys-
talline lens, while older persons had flatter iris conicity. They
also found that cataract surgery flattens the iris position,
therefore reducing the risk of angle closure.

The topic of cataract surgery has also been covered by an
extensive review by C. Perez-Vives, particularly on current
biomaterials used for intraocular lenses and their benefits
and complications. Intraocular corrective systems have
evolved dramatically over the last decades, providing with
advanced designs for overcoming the functional limitations
of crystalline lens ageing, that is, loss of transparency and loss
of accommodation. But the high incidence of retinal disease
also implies a relatively high prevalence of specific aids for
visual remains optimization through customized optical-
based devices. Those advances allowed the field to evolve into
clinical solutions that offer a satisfactory recovery of the capa-
bility to see at different distances with customized extended
depth of focus and multifocal intraocular lenses. These
devices induce, however, some challenges to the patient with
the manifestation of dysphotopsia that can now be measured
and quantified in the clinical setting. G. Zoulinakis and
T. Ferrer-Blasco present a new intraocular telescopic sys-
tem designed for magnifying retinal image that would benefit
eyes with localized retinal damage.

In addition, the advent of technological progress, increas-
ing dependance on mobile technology, and global use of
social networks imply that the accommodative system is
exposed to new challenges and demands for longer periods
of time at any age. R. Montés-Micó et al. explore the accom-
modative stimulus curve with emoji symbols in an original
study that reveals similar responses than those obtained
when reading standard text on smartphones.

To summarize, the present special issue accomplished its
main aim, that is, novel approaches to age-related functional
problems have been proposed, comprehensive reviews on
important issues related with ageing of ocular structures
and the solutions to the functional problems involved were
addressed, and studies on the changes occurring with age-
ing from different perspectives and from young to old eyes
were presented.

Alejandro Cerviño
Hema Radhakrishnan

José F. Alfonso
Rune Brautaset

José M. González-Meijome
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There is strong evidence that the IOL material is the factor having the greatest impact on posterior capsule opacification
(PCO), anterior capsule opacification (ACO) development, and glistening formation after cataract surgery, even though
there are other IOL features—such as haptic material and design and edge and optic design—that also have some
influence. We reviewed the published literature describing the adverse events that are mainly related to the intraocular lens
(IOL) material, such as PCO, ACO, and the subsequent capsule contraction, as well as glistening formation. The adverse
events presented in this overview are the most common ones in clinical practice, and therefore, they are generally included
in the clinical protocols for IOL evaluation.

1. Introduction

Cataract is at present the second cause of blindness world-
wide after age-related macular degeneration; moreover, in
Eastern and Central Europe, cataract is still the leading cause
[1]. In the United States (US) alone, cataract affects—in at
least one eye—an estimated 20.5 million people (17.2%) over
40 years of age, and 6.1 million (5.1%) people have pseudo-
phakia/aphakia. The total number of US people having cata-
ract is predicted to increase up to 30.1 million by 2020, and
9.5 million of them are expected to have pseudophakia/apha-
kia [2]. Consequently, cataract surgery is one of the most
frequent surgical procedures.

Cataract surgery is constantly evolving and improving
in terms of the lens material and designs. The first intra-
ocular lenses (IOLs), which were manufactured in 1949, were
made of rigid plastic—namely, polymethyl methacrylate
(PMMA)—and this biomaterial was the only one available
for IOL implantation for over 30 years. The first implanted
PMMA IOLs were implanted through an extracapsular surgi-
cal technique that resulted in large incisions and induced
postoperative astigmatism. Subsequently, the design and the
surgical technique have greatly improved. In the early
1970s, Charles Kelman introduced phacoemulsification, thus

reducing the incision size, and initiated biomaterial diversifi-
cation, including foldable materials such as silicone, hydro-
gel, and acrylic compounds [3, 4]. Today, cataract surgery
is mainly performed using phacoemulsification and a fold-
able IOL, which is implanted through a small incision.

There are many types of IOLs, in terms of both optic
features and materials. IOL design and materials are con-
stantly evolving fields, aiming for better refractive outcomes
with minimal incision size and trying to minimize host-cell
response, since it may cause posterior capsule opacification
(PCO), anterior capsular opacification (ACO), and lens
epithelial cell (LEC) proliferation. IOL materials vary in
water content, chemical composition, refractive index, and
tensile strength, while IOL designs have different optic size,
edge profiles, and haptic materials and designs, with the
main goal of minimizing decentration, dislocations, optical
aberrations, and opacifications [5–7].

The literature search was conducted in the Embase®,
Medline® and Medline In-process, and the Cochrane data-
bases through Embase and Ovid® platforms from January
2000 to December 2015. A detailed search strategy using
terms related to cataract, intraocular lens, posterior capsular
opacification, Nd:YAG laser, anterior capsule opacification,
capsule contraction, and glistenings was prepared, to identify
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published literature reporting evidence that matched our
research objectives.

This review provides an overview of the currently avail-
able IOLmaterials and designs and discusses their effect upon
PCO, ACO, capsule contraction, and glistening formation.

2. Posterior Capsule Opacification

Surgical trauma during the surgery initially causes blood-
aqueous barrier breakdown. This leads to protein leakage
and macrophage migration from the blood into the surgical
zone, eliciting immediate postoperative inflammation. The
cellular reaction consists of two main components. One com-
ponent comprises large cells, macrophages, and epithelioid
cells, which later coalesce to form foreign body type giant
cells, which represent uveal biocompatibility. The other com-
prises LECs, which can be divided into PCO and ACO. The
source of the PCO is the equatorial cells originating from
the equator of the capsule. These cells go through metaplasia
and acquire the ability to migrate and proliferate, causing
epithelial ingrowth between the IOL and the posterior cap-
sule, which leads to a reduction in VA. PCO still remains
the most frequent complication of modern cataract surgery.
Advances in surgical techniques and IOL materials and
designs have reduced PCO rates, but it is still a significant
problem in clinical practice [8]. PCO can be effectively
treated by using a neodymium:YAG (Nd:YAG) laser to cut
a hole in the posterior lens capsule. However, this procedure
may lead to additional complications, including IOL damage,
intraocular pressure (IOP) elevation, glaucoma, cystoid mac-
ular edema, or even retinal detachment [9]. The pathophysi-
ology of PCO is multifactorial, varying particularly with the
surgical technique, IOL materials, and designs [10–14], but
since dissociation of each factor involved in PCO develop-
ment is almost impossible, it is very difficult to differentiate
between the individual elements in clinical practice.

Regarding the IOL material, the Linnola “sandwich the-
ory” states that bioactive materials allow a single LEC to bond
to both the IOL and the posterior capsule. This produces a
sandwich pattern including the IOL, the LEC monolayer,
and the posterior capsule, thus preventing further cell prolif-
eration and capsular bag opacification [15]. Other studies
carried out by Linnola et al. evaluated the adhesiveness of
fibronectin, vitronectin, laminin, and type-IV collagen to
IOL materials (PMMA, silicone, hydrophobic acrylate, and
hydrogel), both in vitro [16] and in cadaver eyes [17, 18].
They found that fibronectin and laminin bond best to hydro-
phobic acrylate IOLs, resulting in better attachment to the
capsule. This stronger binding could explain the enhanced
adhesion of hydrophobic acrylate IOL to the anterior and
posterior capsules and, as a result, the lower PCO and
Nd:YAG capsulotomy rates [14, 19–34]. However, observa-
tional studies in animals [35] and cadaver eyes [36] showed
that the IOL having a sharp posterior optic edge may play a
more relevant role in this effect than the IOL material.

Table 1 shows the PCO and Nd:YAG rates reported in
previous studies carried out for different IOL materials and
designs [12–14, 19–34, 37–47]. Hydrophilic acrylic (includ-
ing those hydrophilic IOLs with the hydrophobic surface)

[25] and PMMA IOLs are associated with higher PCO rates,
greater PCO severity, and also higher Nd:YAG capsulotomy
rates than hydrophobic acrylic IOLs. Several comparative
studies showed a superior reduction in PCO and laser capsu-
lotomy rates with hydrophobic acrylic IOLs, compared with
hydrophilic acrylic ones.

Auffarth et al. [20] analyzed PCO and Nd:YAG laser
treatment as a function of the IOL material (PMMA, silicone,
hydrophilic acrylic, and hydrophobic acrylic). After 3 years
of follow-up, hydrophobic acrylic IOLs showed a statistically
lower incidence of PCO and Nd:YAG rates than the other
three materials. A prospective randomized contralateral
study [26] reported significantly higher PCO rates in eyes
implanted with a hydrophilic hydrogel IOL (Hydroview
H60M, B&L) than in eyes having a hydrophobic acrylic
IOL (Acrysof MA60BM, Alcon). Moreover, the results
revealed that this PCO led to a notably impaired visual acu-
ity. After two years of follow-up, 28% of the eyes in the
hydrophilic group and 2% in the hydrophobic acrylic group
had required Nd:YAG capsulotomy. Boureau et al., in a ret-
rospective study [23], compared the incidence of Nd:YAG
laser treatment for three square-edge IOL models having dif-
ferent design and material compositions. After 3 years of fol-
low-up, the proportion of patients requiring Nd:YAG laser
treatment amounted to 12% for the SA60AT (Alcon) group,
25.2% for the AR40e (AMO), and 51% for the XL-Stabi
(Zeiss). Gauthier et al. [25] reported 8.8% and 37.2%
Nd:YAG rates after 2 years of bilateral implantation of Acry-
Sof ReSTOR (Alcon) and Acri.LISA (Zeiss) multifocal IOLs,
respectively. Similarly, Bourdiol Ducasse et al. [22] reported
that eyes with AcrySof IOL implants required significantly
fewer Nd:YAG laser capsulotomies than those implanted
with a Hoya or Akreos IOLs and, therefore, were less prone
to Nd:YAG laser treatment complications, thus ensuring
better vision at the lowest cost.

All these outcomes could be attributed to the fact that
hydrophobic IOLs are capable of adhering to collagen
membranes [48], leading to a tighter IOL apposition in the
posterior capsular bag and a better adhesiveness—through
fibronectin—than other materials [49]. This may result in
less space left between the IOL and the posterior capsule for
the LECs to migrate. Furthermore, it has been reported that
IOLs with hydrophilic surfaces promote proliferation and
migration of LECs from the equatorial area to the visual
region [50].

The literature shows more controversial results when
comparing hydrophobic acrylic versus silicone materials.
Several studies [41, 42, 44, 45, 47] have compared PCO and
Nd:YAG rates for 3-piece, sharp-edge silicone IOLs (CeeOn
911A, AMO) and 3-piece, sharp-edge hydrophobic acrylic
IOLs (AcrySof, Alcon). After 3 years of follow-up, the results
showed low PCO and Nd:YAG capsulotomy incidence rates
for both IOL groups with no statistically significant differ-
ences between them, thus concluding that the sharp-edge
foldable IOLs play an important role in preventing PCO irre-
spective of the material the IOL is made of [41, 44, 47]. How-
ever, Vock et al. [45] found significantly higher PCO scores
and Nd:YAG capsulotomy rates with hydrophobic acrylic
IOLs than with silicone IOLs after 6 years of follow-up. They
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concluded that aside from the IOLmaterial, differences in the
haptic design and the degree of the optic edge sharpness may
play a role, and they highlighted the need for longer follow-
up studies. In a retrospective and contralateral study, Abhi-
lakhMissier et al. [19] assessed PCO rates in fellow eyes: each
patient received one plate-haptic silicone IOL (AA4203VF,
Staar) in one eye and a hydrophobic acrylate IOL (AcrySof
MA30BA/MA60BM, Alcon) in the contralateral one. After
3 years of follow-up, they found significantly less PCO and
lower Nd:YAG laser capsulotomy rates in the eyes implanted
with the hydrophobic IOL than in the plate-haptic silicone
IOL group. Other studies [12, 21, 39, 43, 45] also compared
PCO and Nd:YAG rates resulting from 3-piece, round
optic-edge silicone IOL (SI30N/SI40NB, AMO) and 3-piece,
sharp-edge hydrophobic acrylic IOL (AcrySof, Alcon)
implantation. Most of these studies revealed that following
phacoemulsification, PCO rates increased over the years for
all groups and that the benefit yielded by the acrylic IOL in
terms of showing lower PCO rates faded as the years went
by: after a long follow-up period, up to 12 years of follow-
up, the PCO and Nd:YAG treatment rates were similar for
both groups. These outcomes could be due to the silicone
IOL efficiently inhibiting PCO over a long time or to the effi-
ciency drop or loss of the hydrophobic acrylic IOL’s sharp
edge due to late LEC proliferation, leading to an emerging
Soemmering ring in the peripheral capsular bag, which, in
its turn, resulted in a reduced or nonexistent PCO preventive
effect 4-5 years postoperatively [12].

Regardless of the IOL material, the importance of IOL
edge design is widely accepted, and there is considerable
agreement among medical communities in favor of a
square posterior optic edge for reducing PCO rates and
Nd:YAG procedure needs. A systematic review found sig-
nificantly lower PCO scores for sharp-edge IOLs compared
to round-edge models, although there were no clear differ-
ences between IOL materials [10]. A square edge on the
posterior IOL surface provides a barrier to LEC migration
by inducing a capsular bend in the area where it is in con-
tact with the IOL edge [33, 51–54]. Several trials showed
no differences in PCO prevention between IOL models
that had sharp posterior optic edges—irrespective of IOL
material composition or square-edge design—thus indicat-
ing that a sharp posterior optic edge is the main factor
preventing PCO [13, 41, 55, 56]. Edge sharpness can vary
across IOL models. A prospective, single-site, fellow-eye
comparative study of two hydrophobic IOLs found higher
PCO rates and poorer visual acuity in eyes implanted with
the AF-1 YA-60BB IOL (Hoya) versus the AcrySof
SN60AT IOL (Alcon) over 24months of follow-up. The
authors attributed these differences to the fact that the
AcrySof IOL has a sharper posterior edge profile than
the Hoya IOL [13]. Moreover, in a recent 36-month
follow-up study [14], the Hoya iMics1 NY-60 IOL showed
higher PCO and Nd:YAG capsulotomy rates than AcrySof
SN60WF IOL despite the novel Hoya iMics1 NY 60 model
with optimized sharp edges, which are even sharper than
those of the AcrySof SN60WF IOL (Alcon). These results
suggest that the IOL material continues to play an impor-
tant role in this complication [14].

A meta-analysis performed by Cheng et al. [11] con-
cluded that PCO and Nd:YAG laser capsulotomy rates may
be influenced by two parameters: IOL material and optic
edge design. Lenses made of acrylic and silicone and those
having sharp optic edges lead to lower PCO and laser capsu-
lotomy rates. Morgan-Warren and Smith [32], in a retro-
spective, comparative 2-year follow-up study, reported
lower Nd:YAG procedure rates with the newer sharper Hoya
PY60AD IOL than with the Hoya FY60AD IOL model. The
one-piece AcrySof SN60WF IOL was also analyzed in this
retrospective study, showing the lower Nd:YAG rates than
both the three-piece Hoya IOLs in the same period postoper-
atively. The sharpness of the square edge of the AcrySof IOL
lies between the two Hoya models; therefore, the authors
concluded that the IOL edge may contribute to reducing
the PCO rates, but variations in IOL material composition
may influence IOL’s susceptibility to PCO development
independent of edge sharpness.

The fact that the primary site of late intrusion of LECs
is inside the haptic loop [45] reveals the importance of the
haptic configuration for PCO formation, such as broad
optic-haptic junction [57–59] and haptics angulation
[45]. It has been shown that either less angulation, a better
haptic memory, a more c-loop shape of the haptic, and/or
a thin and perpendicular insertion of the haptic into the
optic, or a combination of these seems to result in a more
prolonged and permanent barrier effect against late LEC
migration [45]. Nixon and Woodcock [60] compared two
1-piece hydrophobic acrylic IOLs; the authors identified
Tecnis AAB00 (AMO) as a continuous optic edge and an
AcrySof SA60AT (Alcon) as an interrupted optic edge. Their
findings, after 2 years of follow-up, showed that those eyes
implanted with a continuous 360-degree square-edge IOL
had significantly less PCO than those eyes having a square
edge with an interrupted optic-haptic junction IOL. These
characteristics—360-degree square-edge, angled haptics,
increased optic-haptic space, and increased resistance to
compression—help position the IOL against the posterior
capsule and promote complete circumferential shrink wrap-
ping of the IOL by the capsule. Nonetheless, recent studies
[61–63] have shown that after 1 and 3 years of follow-up,
the levels of PCO were low for those eyes implanted with
an IOL having a continuous sharp and square optic edge
(Tecnis ZCB00, AMO) and for those implanted with an
IOL having an interrupted square optic edge (AcrySof
SA60AT, Alcon) with no statistically significant differences
between the two IOL models. However, they did find higher
ACO rates in those eyes implanted with the interrupted optic
edge IOL.

On the other hand, studies have consistently failed to
reach a consensus on the relative merits of one-piece ver-
sus three-piece IOLs per se in protecting against PCO
development. Some authors reported more PCO [64] and
higher Nd:YAG rates [65] in eyes implanted with a one-
piece IOLs compared to three-piece models. The thin hap-
tics of the three-piece IOL is believed to allow for better
adhesion between the anterior and posterior capsules and
bend formation, compared to the bulky haptics of the
one-piece models, which enable enhanced posterior LEC
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migration. However, other studies showed no significant
differences in terms of PCO and Nd:YAG rates between
one- and three-piece IOLs [58, 65–70].

There are other features that also exert influence upon
PCO formation, such as the presence of aspheric surfaces
[71], and optic size [72]. Several studies [73, 74] reported
decreased PCO rates when the capsulorhexis is in complete
contact with the anterior IOL surface. Meacock et al. [72]
reported that larger optic IOLs have a lower PCO; this can
be explained by the fact that it is easier to get the capsulor-
hexis on the IOL with a larger optics. On the other side, the
LECs may have an increased ability to migrate from the ante-
rior capsule to the posterior capsule when the anterior capsu-
lorhexis is decentered and the lens is tilted off the posterior
capsule [73, 74].

3. Anterior Capsule Opacification

Unlike the equatorial cells, the anterior cells go through
fibrous metaplasia but lack the ability to migrate and prolifer-
ate and therefore do not appear outside the margins of the
capsulorhexis. Capsule opacification may occur on either
the anterior or the posterior capsule and is caused by LECs
that remain in the evacuated capsular bag [75]. The source
of ACO is the anterior epithelial cells, which originate from
beneath the anterior lens capsule. These cells can be classified
into 2 subpopulations with distinct properties: The equatorial
LEC population resides in the equatorial region of the capsu-
lar bag, and following capsular bag evacuation, these cells
tend to migrate onto the posterior capsule and proliferate.
Meanwhile, the anterior LEC population resides on the
anterior capsule leaf and has the potential to undergo myofi-
broblastic transdifferentiation. While PCO has been regen-
eratory or fibrotic or both, ACO can only be fibrotic. ACO
generally occurs at a much earlier stage in comparison to
PCO: sometimes, it develops within one month postopera-
tively [76]. It has been shown that the area of the anterior
capsule opening seems to gradually decrease for up to 6
months postoperatively [76, 77].

The process of opacification of the anterior capsule may
be split into four stages: (1) fibrosis/opacification of the cap-
sulorhexis margin in some places; (2) the entire anterior cap-
sular edge in contact with the IOL optic’s biomaterial; (3)
formation of capsular folds; and (4) advanced/excessive
and/or asymmetric shrinkage. Such shrinkage may result in
some complications, such as eccentric displacement of the
continuous curvilinear capsulorhexis (CCC) opening, IOL
decentration [78], capsulorhexis phimosis, and capsule con-
traction [79]. Some authors recommend Nd:YAG laser ante-
rior relaxing incisions in the early postoperative period after
cataract surgery in order to prevent capsule contraction in
high-risk patients (such as those with primary angle closure,
pseudoexfoliation, or diabetic retinopathy) [80, 81].

There are different factors that could influence the level
of ACO, such as CCC’s initial size; IOL material and design;
and some preexisting conditions (e.g., the quality of the
zonular support). Some authors reported that if the CCC is
smaller than the diameter of the IOL optic, the contact of
the optic’s biomaterial with the anterior capsule will induce

fibrosis/opacification [82, 83]. Tsuboi et al. [84] studied the
influence of the CCC and IOL fixation on the blood-
aqueous barrier (BAB). They found an unfavorable effect of
in-the-bag fixation with a small CCC and thus a broader con-
tact of the IOL optic with the anterior capsule. On the con-
trary, Gonvers et al. [85] did not find any correlation
between the initial CCC size and the postoperative CCC
constriction.

Park et al. [86] evaluated the rate at which the area of the
anterior capsule opening decreased following CCC for differ-
ent IOL types. Although this area reduction occurred for all
patients, on average, it was significantly lower in the two
acrylic-IOL groups than in the silicone-IOL one. They sug-
gested that IOL selection can be important when it comes
to reducing anterior capsule opening contraction, especially
for patients at risk for contraction. In this sense, the IOL
material and design also play a role in ACO, which is a com-
plication that can impair visual function [87]. Werner et al.
[88, 89] evaluated the degree of ACO in postmortem human
eyes that had been implanted with IOLs of a wide variety of
materials and designs. The results of this histopathological
study revealed that ACO is more likely to occur with plate-
haptic silicone and hydrogel IOLs than with acrylic hydro-
phobic IOLs. Nagata et al. [90] also reported a marked
anterior capsule contraction with a silicone IOL (AQ310NV,
Canon) compared to a hydrophobic acrylic IOL, as well as
varying rates of capsule contraction across the range of
acrylic IOLs under test (AR40e, AMO; AcrySof MA60BM
and SA60AT models, Alcon; and YA60BBR, Hoya), being
statistically greater with the AR40e. These results suggest that
when implanting an IOL with high surface adhesion, a sharp
bend is created in the lens capsule at the rectangular, sharp
posterior optic edge of the IOL soon after surgery. This
suppresses PCO formation and anterior capsule contraction
[78, 91]. In a retrospective study, Tsinopoulos et al. [92]
reported significantly greater capsule contraction with hydro-
philic IOLs (Quatrix and ACR6D, Corneal Laboratories) than
with hydrophobic ones (AcrySof SN60AT, Alcon).

K. Hayashi and H. Hayashi [93] reported that the optic
material is the most important factor influencing the degree
of capsule contraction, whereas the optic design and haptic
material and design play a less significant role. Other studies
have shown that plate haptics [85], single-piece designs [94],
or IOLs that have a thin optics are risk factors for capsule
contraction [95]. Among the four silicone IOL groups
assessed by Werner et al. [89], plate-haptic silicone ones
yielded significantly higher scores than the 3-piece designs.
This correlates well with the findings by Gonvers et al. [85]
who claimed that the IOL haptic design (loop-haptic versus
plate-haptic) has a major effect on the CCCs’ size change.
The excessive CCC constriction observed with plate-haptic
IOLs is probably due to the relatively large contact area
between the plate haptic silicone material and the anterior
capsule, in sharp contrast to three-piece IOLs, with which
the contact is limited to the optic’s surface. Thus, the larger
surface exposure inherent to plate IOLs may stimulate cell
proliferation and fibrosis. Despite these findings, Sacu et al.
[96] showed in a recent study that neither the optic material
(silicon versus hydrophobic IOLs) nor the haptic design
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(one-piece versus three-piece open loop) had any influence
on the amount of ACO or capsulorhexis contraction.

Several studies reported that capsule contraction has also
been associated with some systemic or ocular conditions,
such as diabetes mellitus [97–99], pseudoexfoliation syn-
drome [100], retinitis pigmentosa [101], and uveitis [79]. It
may result in a smaller capsulotomy opening, opening
malposition, reduction in equatorial capsular diameter, and
displacement of the IOL, this effect being more acute for
small capsulorhexis openings and older patient [79]. The
Nd:YAG laser can be used to perform anterior capsulotomy
to increase the size of the anterior capsule opening, but this
treatment can lead to other complications, such as IOP eleva-
tion, iritis, corneal edema, and damage to the IOL [9].

4. Glistenings

Glistenings are condensations of water within the IOL poly-
mer matrix that occur when the IOL is in an aqueous envi-
ronment. They are usually distributed throughout the entire
IOL optic. They result from the formation of water vacuoles
within the lens due to in-the-eye hydration; they are not
caused by the deterioration of the material. The mechanism
of glistening formation has been extensively evaluated
[102]. The polymers that make up the IOLs have different
components, including different monomers, chromophores,
and crosslinking agents. Polymers absorb water when
immersed in an aqueous environment, and their water
absorption rate depends on the specific IOL material and
the temperature. If the IOL is placed in warm water and the
temperature is then lowered, the water inside the polymer
becomes oversaturated [103, 104] and, consequently, it sepa-
rates into phases and collects in a void, generating glistening
[105]. In the clinical practice, glistenings typically begin to
appear over a 1- to 16-month period after implantation.

Kato et al. [102] found an association between a reduc-
tion in temperature and the rate of glistening formation.
They studied the changes undergone by a Wagon Wheel
packaged AcrySof IOL at various temperatures, placing the
IOLs in 37°C or 70°C water, which was then cooled down
to 23°C. Microvacuoles of 1.0 to 20.0μm diameter formed
inside the AcrySof IOL when the temperature dropped from
37° to 34°C (3°C decrease), which was enough to trigger vac-
uole formation. Vacuole density was higher in the IOL that
had undergone cooling from 60°C than in the one cooled
from only 37°C. In the same paper, the authors also studied
temperature changes on the human ocular surface. The tem-
perature of the ocular surface decreased by approximately
7°C when the outer temperature dropped from 45°C to 0°C.
As mentioned above, glistening-like vacuole formation can
be triggered by a 3°C decrease in body temperature (37°C).
Therefore, glistenings may occur in vivo if the lens experi-
enced small aqueous humor temperature fluctuations. Shiba
et al. [106] concluded that immersing AcrySof IOLs in warm
water (37°C or 60°C) for a short time may alter the IOL’s fea-
tures. On the contrary, when the lens is left for 6 months in
15°C water, glistening formation is not observed.

Miyata and Yaguchi [107] correlated the degree of glis-
tenings in two different hydrophobic acrylic IOLs, AcrySof

MA60BM (Alcon) and Sensar AR40 (AMO), with their equi-
librium water content at 30°C, 40°C, and 50°C. The 2 IOLs
were also subjected to 3 temperature changes: from 37°C to
35°C, from 39°C to 35°C, and from 41°C to 35°C. IOLs were
incubated in a physiological saline solution at the higher tem-
perature for 2 hours and at the lower temperature for 30 days
before being assessed for glistening formation. The equilib-
rium water content was higher in the Sensar IOL than in
the AcrySof IOL, but the temperature-related change of the
equilibrium water content was greater for the AcrySof IOL.
It is in those IOLs whose water content varies significantly
with temperature (i.e., temperature-dependent) where phase
separation (water and glistenings) occurs. When tempera-
ture changed from 37°C to 35°C, glistening formation
was not observed in either IOLs, but when it changed
from 39°C to 35°C, glistenings were observed in AcrySof
IOL, and when it went down from 41°C to 35°C, they
were observed in both IOLs.

Glistenings can be evaluated subjectively by means of a
slit lamp and by slit lamp photography of the IOL at high
magnification. The size and number of glistenings can be
quantified by either manual or digital image analysis. Miyata
et al. [105] classify glistening into the following grades: 0 =no
glistenings; 1 = up to 50/mm3, 2=up to 100/mm3, and 3=up
to 200/mm3. Some authors also suggested quantifying glis-
tenings employing light scattering. Klos et al. [108] proposed
the use of Scheimpflug camera photography for glistening
evaluation, as irregularities, damage, or disturbances in the
transparency of the IOL material with lower light scattering.
Out of the 41 AcrySof IOLs that were evaluated 1 year after
implantation, glistenings were observed in all of them and
it formed throughout the IOL’s volume. No correlation
between visual acuity, scotopic vision, or brightness acuity
test and the glistening grade was found. Behndig and Mones-
tam [109] described a method for quantifying glistenings that
relied on Scheimpflug photography associated with IOL light
scattering quantification using an image analysis program.
Glistenings were observed in all AcrySof MA60AT or
SA60AT IOLs; its grade correlated well with the length of
the postoperative period. They also found that glistenings
were more prominent near the IOL surfaces, especially the
anterior one. Nevertheless, Mackool and Colin [110] con-
sider that Scheimpflug photography is unsuitable for glisten-
ing quantification in IOLs, due to the fact that it has not been
confirmed yet that the method is able to distinguish between
glistening-related light scatter and light scatter due to other
variables, such as the aqueous IOL interface, PCO, or the
presence of biological materials on the IOL surface. Glisten-
ings are usually distributed throughout the entire IOL optic
[111]. Clinically observed glistenings are usually up to
10μm in diameter [112], although the size of glistenings
observed during in vitro studies goes up to 20μm [113].

There are several factors influencing glistening forma-
tion, such as IOL material composition, manufacturing
technique, IOL packaging, follow-up period, IOL diopter
power, performance of phacotrabeculectomy, condition
such as glaucoma or those that break down the BAB,
and specific ocular medications (some anti-inflammatory
agents). Glistenings have been observed in a variety of
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materials [114–118], including silicone, hydrogel, hydropho-
bic acrylic, and PMMA. However, most of the studies avail-
able in the literature on glistening formation describe them
in association with hydrophobic acrylic IOLs [114–116].
Tognetto et al. [114] evaluated glistenings in 7 types of fold-
able IOLs (2 silicone, 3 hydrophilic acrylic, and 2 hydropho-
bic acrylic). They found varying degrees of glistenings in all
IOLs, irrespective of the manufacturing material, but it was
the AcrySof group that showed a higher percentage and a
greater density of glistenings. Ronbeck et al. [116] assessed
lens glistening effects in PMMA, silicone, and hydrophobic
acrylic IOLs in a long-term study (11–13 years). The AcrySof
hydrophobic acrylic IOL had a significantly higher degree of
lens glistenings compared to the silicone and PMMA ones.
Although it is likely that the various hydrophobic acrylic
materials available on the market exhibit different behaviors
in terms of glistening formation [14, 24], most of the peer-
reviewed studies found in the literature focus on the AcrySof
material, whereas relatively few evaluated other hydrophobic
acrylic IOLs.

AcrySof packaging was also found to play an important
role in the process of glistening formation. Omar et al.
[103] carried out an in vitro study to compare glistening for-
mation in AcrySof acrylic hydrophobic IOLs that relied on
either the AcryPack or the Wagon Wheel packaging systems.
Glistening formation occurred in both types of packaging,
although those AcrySof IOLs packaged in Wagon Wheel
did not develop glistenings when kept under constant body
temperature. Furthermore, the IOLs in the AcryPack exhib-
ited significantly more microvacuoles. This may be due to
the large plastic case that holds the lens and the folding
device [103, 111].

Moreno-Montanes et al. [119] studied the clinical factors
influencing the frequency and intensity of glistenings by
assessing 129 eyes of 94 patients that had undergone phacoe-
mulsification and implantation of an AcrySof MA30BA IOL
(Alcon). Glistenings occurred in 38 cases (29.5%) after 20.6
± 11.5 months postoperatively (range: 1 to 50 months). They
found a significant direct correlation between the frequency
of glistenings and the following factors: more time elapsed
between surgery and evaluation, higher IOL dioptric power,
postoperative inflammation, and joint phacotrabeculectomy
procedure. As for glistening intensity, it was directly corre-
lated with the time elapsed after the surgery and the presence
of postoperative inflammation. Glistenings developed more
frequently in cases of phacotrabeculectomy but not after
combined phacoemulsification and deep sclerectomy [119].
Other studies also found less glistening formation in lower
dioptric power IOLs (≤20.0D); this could be due to the fact
that IOL thickness within a given model usually increases
with IOL dioptric power. Therefore, glistenings may be more
likely to accumulate in the thicker IOL matrix material in
higher power IOLs [120, 121]. Nevertheless, recent studies
did not find a significant correlation between the degree of
glistenings and the IOL’s dioptric power [116, 122]. As for
the time evolution of this phenomenon, most studies show
that glistenings increase in frequency and size with time up
to approximately 3 years postoperatively [105, 117, 123]. A
reasonable hypothesis is that the incidence and degree of

glistenings may increase until the IOL is completely hydrated
and all available voids within the polymer network are visible
as glistenings as a result of temperature fluctuations [115].
Contrariwise, other authors found no significant association
between glistening grade and duration of the follow-up
period [120, 124].

Glistenings have been found to be associated with some
conditions such as glaucoma [120] or those that break down
the BAB [125], as well as concurrent medications or ophthal-
mic solutions. Colin et al. [120] assessed the correlation
between clinical and demographic factors in 260 eyes
implanted with different AcrySof IOL models. They found a
potential association between the frequency of glistenings
and the incidence of glaucoma. The authors hypothesized
that this was due to an interaction of the material with the
pathology of glaucoma or to the chronic topical medication
used to lower IOP. Active ingredients or preservatives pres-
ent in glaucoma medications may lead to the rupture of the
BAB, thus modifying the aqueous humor composition and
increasing the glistening rate [126, 127]. Schweitzer et al.
[128] also found a significant association between the
increase of glistenings and the number of topical glaucoma
medication that the patient instilled on a daily basis.

Regarding clinical impact, most clinical studies show no
association between glistening occurrence and a decrease in
visual acuity (Table 2) [24, 119–122, 129, 130]. Nevertheless,
there are a few reports on the possible impact upon contrast
sensitivity function under specific conditions [112, 131, 132]
(Table 2). Colin and Orignac [122] evaluated 97 eyes from 65
patients implanted with an AcrySof IOL at 18± 17 months of
follow-up. They found that 40% of eyes had grade 0 glisten-
ings, 32% had grade 1, and 28% had grade 2 glistenings.
There were no statistically significant differences in visual
acuity and contrast sensitivity across glistening-grade groups.
They concluded that the intensity of glistenings was not asso-
ciated with a reduction in visual acuity or contrast sensitivity
at any spatial frequency evaluated. In a previous study, Colin
et al. [120] evaluated the incidence of severe glistenings in a
large series of AcrySof IOL wearers (model SN60AT,
SN60WF, SA60AT, or MA) and assessed the potential corre-
lation between glistenings and clinical (length of follow-up,
IOL model, IOL power, Nd:YAG capsulotomy, visual acuity,
spherical equivalent, ocular and systematic diseases, and
medication) and demographic (age and gender) factors. In
this retrospective evaluation of a series of 260 AcrySof IOLs
which found glistenings in approximately 60% of IOLs, the
results suggest a potential association between the incidence
of glistenings and IOL power and the presence of glaucoma,
but not between glistenings and age, gender, IOL model,
length of follow-up, visual acuity reduction, or the presence
of any of the most common ocular and systemic diseases
and medications. Monestam and Behndig [121] followed
103 eyes implanted with the AcrySof IOL for 10 years. The
patients were divided into different groups according to
the degree of glistenings. They did not find any impact
upon visual function or high- and low-contrast visual acu-
ity, even in patients having severe glistening. Chang and
Kugelberg [130] compared the development of glistenings
after implantation of hydrophobic (AcrySof SA60AT) and
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hydrophilic IOLs (BL27). Nine years postoperatively,
patients with a hydrophobic IOL developed more glistenings
than those with the hydrophilic IOL, but glistenings did not
affect visual acuity or contrast sensitivity. On the contrary,
Gunenc et al. [131] found statistically significant differences
in terms of contrast sensitivity at a high spatial frequency
(12 cycles per degree) between eyes where glistening forma-
tion had occurred and those eyes that had not developed it.
Xi et al. [132] concluded that severe glistenings may have
an influence on high spatial frequency contrast sensitivity
and reduce light sensitivity, but they did not find any impact
on visual acuity. Christiansen et al. [124] reported that all
patients (42 eyes) implanted with an AcrySof IOL showed
some degree of glistenings. They found statistically signifi-
cant differences in visual acuity in 24% of the eyes—those
having severe glistenings (≥2+)—but there was no evidence
that contrast sensitivity had been negatively affected by this
glistening phenomenon.

Some authors have associated glistenings with intraocu-
lar straylight [121, 133–137]. Monestam and Behndig [121]
found that most patients that had undergone surgery 10 years
before had severe glistening and a high level of light scatter-
ing resulting from their IOLs but with no impact on visual
acuity at high or low contrast. Hayashi et al. found more glis-
tenings and surface scattering in those eyes implanted with
acrylic IOLs versus silicone or PMMA IOLs, but these data
were not significantly correlated with visual function or opti-
cal aberrations. Recent studies also reported the presence of

straylight in eyes implanted with hydrophobic IOLs resulting
from subsurface nanoglistenings, but these findings did not
lead to visual acuity deterioration [135–137]. In contrast,
Colin and Orignac [122] did not show any correlation
between glistenings and intraocular light scatter.

Glistenings has decreased noticeably over the last years. A
recent study by Thomes and Callaghan [138] reported signif-
icantly reduced levels of glistenings, measured in vitro, in
newer AcrySof IOL models as a result of the continuous
improvements implemented since 2003 in the manufacturing
process, including manufacturing equipment, environmental
controls, and tightened process controls/specifications. They
found an 87% decrease in mean microvacuole density for the
AcrySof IOLs manufactured in 2012 versus those produced
in 2003. Packer et al. also showed the safety and effectiveness
in a glistening-free hydrophobic acrylic IOL (enVista IOL).
In a prospective series of 122 subjects, the authors showed
no glistenings of any grade for any subject after 6 months
of follow-up [139].

5. Conclusions

There is clear evidence that the IOL biomaterial is one of the
main factors influencing PCO, ACO, and glistening forma-
tion. Most of the studies showed lower PCO rates with
hydrophobic than with hydrophilic and PMMA IOL mate-
rials due to the effects outlined by Linnola in the “Sandwich
theory” [15]. However, there are more controversial findings

Table 2: Impact of glistenings on visual function with several models of AcrySof intraocular lenses (IOLs).

Author IOL model Eyes (n) Follow-up Results

Moreno-Montanes et al. [119] AcrySof MA30BA 129 20± 11 months No impact on visual acuity

Colin et al. [120] AcrySof SN60AT, SN60WF, SA60AT, or MA 260 0–86 months No impact on visual acuity

Colin et al. [129] AcrySof SN60WF 111 ±24 months No impact on visual acuity

Monestam and Behndig [121] AcrySof MA60BM 103 >10 years No impact on visual acuity
at high and low contrast

Colin and Orignac [122] Several AcrySof 97 18 months
No impact on visual acuity

or contrast sensitivity

Hayashi et al. [133] AcrySof versus SI30NB versus PMMA 35 >10 years No impact on visual acuity
and aberrometry

Chang et al. [24] AcrySof SA60AT versus Sensar AR40e 80 5–7 years
No impact on visual acuity

or contrast sensitivity

Chang and Kugelberg [130] AcrySof SA60AT & BL27 120 9 years
No impact on visual acuity

or contrast sensitivity

Waite et al. [112] AcrySof SA & SN60 20 36 months

No impact on visual acuity,
aberrometry, and contrast
sensitivity but at high
spatial frequencies

Gunenc et al. [131] AcrySof MA30BA & MA60BA 91 7–24 months
Decreased contrast

sensitivity at high spatial
frequencies

Xi et al. [132] AcrySof SA60AT 120 2 years
No impact on visual acuity
and contrast sensitivity but
at high spatial frequencies

Christiansen et al. [124] AcrySof MA30BA & MA60BM 42 6–46 months
Decreased visual acuity but

not glare and contrast
sensitivity
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when comparing hydrophobic and silicone IOL materials: in
this setting, there are additional factors that have an influence
on the outcome of the cataract procedure. This is due to the
fact that these two materials have both optimal properties
to prevent PCO formation and, consequently, secondary fac-
tors come into play, such as edge design. Indeed, some
authors consider the optic edge as the main factor preventing
PCO. It has been shown that sharp edges lead to lower PCO
formation than round ones, thanks to the barrier that is cre-
ated, which hinders LEC migration. Nevertheless, not all
square edges are the same. Edge sharpness can vary across
IOL models, in the same manner that IOL material composi-
tion can vary across IOL designs. PCO and Nd:YAG laser
capsulotomy rates are influenced by both IOL biomaterials
and optic edge design, the best outcomes being observed for
hydrophobic or silicone material IOLs having sharp edges.
Other factors, such as haptics design, optic size, and the pres-
ence of aspheric surfaces, could also have a minor influence
on PCO formation.

As for anterior capsule opacification, most authors have
reported that ACO rates are lower for hydrophobic than for
silicone and, specifically, for hydrophilic IOL materials.
Other factors, such as thin optics, plate-haptics and single-
piece IOLs, are additional risk factors for capsule contraction.

Glistening formation seems to be directly related with
the IOL material and its composition. Most of the studies
showed higher levels of glistening formation with hydro-
phobic IOLs, than with other materials. Nonetheless, most
clinical studies showed no correlation between glistening
formation and impaired visual performance.

Additional Points

Precis. Although cataract surgery is one of the most common
surgeries performed everyday worldwide and technology
and products are constantly improving day after day, we
can still find undesirable effects following cataract surgery
in some patients.
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Purpose. To compare the through-focus visual performance in a clinical population of pseudophakic patients implanted with
two new trifocal intraocular lenses (IOLs) and one extended depth of focus IOL. Methods. Prospective, nonrandomized,
examiner-masked case series. Twenty-three patients received the FineVision® and seven patients received the PanOptix™
trifocal IOLs. Fifteen patients received the Symfony extended depth of focus IOL. Mean age of patients was 63± 8 years.
Through-focus visual acuity was measured from –3.00 to +1.00D vergences. Contrast sensitivity was measured with and
without a source of glare. Light disturbances were evaluated with the Light Distortion Analyzer. Results. Though-focus
evaluation showed that trifocal IOLs performed significantly better at near distance (33 and 40 cm), and extended depth of
focus performed significantly better at intermediate distance (1.0m). Contrast sensitivity function with glare and
dysphotopsia was similar between the three IOLs and subjective response to questionnaire showed a significantly higher score
(worse performance) for the extended depth of focus IOL compared to both trifocal IOLs in the bothersome subscale (p < 0 05).
Conclusions. Trifocal IOLs grant better performance at near distance while extended depth of focus IOL performs better at
intermediate distance. Objective dysphotopsia measured with the Light Distortion Analyzer is not reduced in extended depth of
focus IOL compared to trifocal IOLs.

1. Introduction

Multifocal intraocular lenses (IOLs) are increasingly
implanted in pseudophakic patients to increase spectacle
independence. In the recent years, the number of new optical
designs available has increased. Bifocal and trifocal diffractive
IOLs are the most commonly implanted and provide a range
of vision from distance to intermediate and near distance.
These IOLs allow independence of spectacle correction for
intermediate and near vision [1]. However, the simultaneous
focusing of objects from different distances across a distance
of approximately 1mm in front of the retina along the optical

axis induces formation of haloes and other visual phenomena
around the best focused image [2]. Complaints of night
vision disturbances or photic phenomena are common with
these devices causing some degree of dissatisfaction with
the outcomes, which accounts for more than a third of the
main reasons for IOL explantation [3, 4].

Considering the potential medical impact of photic
phenomena, there have been efforts to investigate and
quantify these complaints. Several instruments have been
used including halometers [5] and subjective questionnaires
[6, 7]. Mastropasqua et al. [8] used some subcategories of
the National Eye Institute Refractive Error Quality of Life
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Instrument-42 (NEI-RQL42) questionnaire comparing three
groups of 20 patients each implanted bilaterally with bifocal
2.5D, bifocal 3.0D, and mixed contralateral implantation of
each lens. Gundersen and Potvin [9] used the National Eye
Institute Visual Function Questionnaire (NEI-VFQ) in two
cohorts of 11 patients each implanted with diffractive bifocal
toric and trifocal toric IOLs. The recently developed Quality
of Vision (QoV) questionnaire by McAlinden et al. [10, 11]
includes specific categories for dysphotopic phenomena with
simulation images and might be a more adequate instrument
to subjectively assess the performance of multifocal IOLs.

In a further attempt to get objective metrics of the photic
phenomena, different instruments and devices have been
engineered. Systems aiming to measure the size of the
distortion by analyzing a certain area of the visual field only
and expanding the results to 360° of the field usually assume
that the distortion might be circular and symmetric in
shape [2, 12], which is not actually the case for most people
describing such phenomena. More recently, Puell et al. [13]
investigated the size of the halo in the general population
using the commercial Vision Monitor device. This device
measures the ability to recognize letters in three semimeri-
dians around a source of glare at 2.5m. Indeed, the systems
described provide a single value of size around the central
source of light. Other experimental devices have been
described for use in clinical practice that present peripheral
detection stimuli in the form of fluorescent paint which
might limit their use as uniform methods for visual
assessment [14].

The Light Distortion Analyzer (LDA) is a device consist-
ing of 240 individual light-emitting diodes (LEDs) surround-
ing a central larger LED acting as source of glare [15]. The
exam is performed in a darkened room at 2.0ms, and it pro-
vides different morphological metrics of light disturbances in
30 to 90 seconds per exam [16, 17] which are sensitive to
small changes in optical higher-order aberrations [18].

With the aim to reduce the complaints of photic
phenomena, the concept of extended depth of focus IOLs
has been developed to provide more consistent distance
and intermediate vision with less photic phenomena, at the
expense of some loss of near vision [19]. Trifocal IOLs have
also showed better performance in terms of halo formation
compared to bifocal IOLs [20].

Considering the existing concern of photic phenomena
with modern IOLs, the potential benefit of new devices in
terms of reduction of visual complaints, and the existence
of newly developed systems to capture quantitative metrics
of such phenomenon, the main goal of the present study is
to compare the visual performance of three multifocal IOLs
with particular attention to the subjective complaints and
the quantitative measurement of the photic phenomena in
pseudophakic patients after cataract extraction.

2. Material and Methods

This was a prospective study involving patients bilaterally
implanted with one brand of multifocal IOL (the same
IOL implanted in both eyes). These IOLS were implanted
following cataract extraction with phacoemulsification and

targeted for emmetropia. Inclusion criteria for enrollment
in the present study included no active ocular disease except
cataract, nonsevere dry eye, uneventful cataract surgery and
postoperative healing process, clear posterior capsule and
lens implant, no pupillary abnormality, postop refractive
error within ±1.00 diopters (D), and an unaided postopera-
tive visual acuity of 0.10 logMAR or better. Exclusion criteria
were IOL dislocation, posterior capsule opacification, or any
vitreous or retinal disease. In agreement with the Declaration
of Helsinki, the protocol of the study was reviewed and
approved by the Ethics Committee of Hospital da Luz
(Lisbon, Portugal). Before data collection, patients were
instructed on the purpose of the study and procedures used
and signed a consent form before formal enrollment.

Surgical procedures were conducted by the same experi-
enced surgeon (FR) under local anesthesia through a micro-
incision of 2.2mm. Prior to surgery, patients underwent
a comprehensive ophthalmological examination including
optical biometry and anterior surface optical tomography
for the calculation of the power of the IOL using a semicusto-
mized ray-tracing method [21]. Surgical procedures with IOL
implantation were conducted with a difference of 7 days
between eyes. A summary of the technical details of the IOLs
implanted is presented in Table 1.

The AcrySof® IQ PanOptix (TFNT00) is a single-piece
copolymer acrylate-methacrylate trifocal IOL (Alcon Labora-
tories, Texas, USA). The posterior lens surface is spherical,
and the anterior surface is aspheric with a diffractive/
refractive surface. The lens incorporates a blue-violet filter
with an intermediate addition power of +2.17D and a
maximum addition power of +3.25D. The lens received
a CE mark in June 2015.

The FineVision Pod F (PhysIOL, Liège, BE) is a single-
piece 25% hydrophilic acrylic ultraviolet (UV) and blue filter
trifocal IOL with an intended intermediate addition power of
+1.75D and a maximum addition power of +3.5D. The optic
zone diameter is 6.15mm and incorporates a diffractive
aspheric front surface and a posterior aspheric surface with
a negative spherical aberration of −0.11 microns for a
6.0mm pupil diameter. The IOL claims reduced halo and
glare perception under mesopic conditions due to the
maximization of distance vision for larger pupils. The lens
received a CE mark in February 2010.

The TECNIS® Symfony model ZXR00 (Abbott Med-
ical Optics, Santa Ana, USA) is a biconvex and pupil-
independent diffractive IOL combining an achromatic
diffractive surface with an echelette design. The achromatic
surface is aimed to correct chromatic aberrations and
enhance contrast sensitivity. The echelette design which is
a specific type of diffraction grating aims to extend the
range of vision. Its overall diameter is 13.0mm and its opti-
cal zone diameter is 6.0mm. The power spectrum available
ranges from +5.0 to +34.0D and incorporates an UV light-
absorbing filter. The lens received a CE mark in June 2014.

The main outcome measures were binocular high-
contrast visual acuity for different levels of defocus from
+1.00 to −3.00 in 0.50 step. The contrast sensitivity function
(CSF) with the Functional Acuity Contrast Test® for 1.5, 3.0,
6.0, 12.0, and 18.0 cycles per degree (cpd) under photopic
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(85 cd/m2) and scotopic (5 cd/m2) conditions with glare
(28 lux–glare II) was evaluated using the Functional Visual
Analyzer (FVA, Stereo Optical Company Inc., USA). Subjec-
tive quality of vision was assessed with the Quality of Vision
(QoV) questionnaire [6, 10, 22]. The questionnaire consists
of 10 items with visual pictures to simulate the visual symp-
toms for the first 7 items and has three subscales: frequency,
severity, and bothersome. The questionnaire has been previ-
ously developed and validated with the Rasch analysis. The
Rasch-scaled scoring is on a 0–100 scale with higher scores
indicating worse quality of vision [23]. There are three scores,
one for each of the three subscales. Light distortion analysis
for size, shape, and regularity of the halo surrounding a
source of glare was assessed with a custom-made device
(Light Distortion Analyzer, CEORLab-University of Minho,
Portugal). The characteristics of this device, examination
routines, and main outcome measures have been previously
described and validated in clinical populations [15–17]
including pseudophakic patients [20, 24]. The size of the light
distortion compared to the total area under evaluation, also
known as the light distortion index (LDI%), was calculated.
Considering the symmetric bilateral implantation, for mon-
ocular analysis, only the right eye was considered. Binocular
summation was calculated as the % decrease or increase in
light distortion under binocular conditions compared to the
average monocular value. Patients were evaluated once
between 1 and 3 months after surgery.

Statistical analysis was conducted using SPSS v21.0
(IBM Inc., IL). Normality of data distribution was assessed
using the Shapiro-Wilk test. Comparison between monoc-
ular and binocular values was evaluated by paired sample
t-test or nonparametric Wilcoxon signed-rank test, while
comparisons between clusters of patients with different
IOLs implanted were evaluated with independent sample
t-test or the nonparametric Mann-Whitney test. Correlations
were assessed using Pearson correlation or nonparametric
Spearman correlation. ANOVA or Kruskal-Wallis with mul-
tiple post-hoc comparisons was used to compare the out-
comes among different IOL groups. The level of statistical
significance has been set at p < 0 050.

3. Results

Demographic data of patients enrolled in each group are
presented in Table 2 along with pre- and postoperative clin-
ical data. There was a statistically significant difference in J0
between the three groups postoperatively (Kruskal-Wallis
test), but the differences were not clinically different. Com-
parisons for all other parameters indicated no statistically
significant differences between groups (p > 0 050).

Postoperative uncorrected distance visual acuity was
0.08± 0.12 logMAR for the whole sample, and there were
no statistically significant differences between the IOL
groups (p = 0 780). Best-corrected distance visual acuity
improved to −0.16± 0.27 logMAR for the whole group.

Figure 1 presents the defocus curves for the three lenses
under comparison. The three lenses performed similarly for
all vergences with the exception of intermediate vision at
−1.00D/1m (p = 0 030) and near vision at −2.5D/0.4m
(p = 0 007) and −3.0D/0.33m (p = 0 014). The extended
depth of focus (EDOF) IOL (Symfony) provided a range
of stable maximum visual acuity from infinity to approx-
imately 1m, dropping almost 1 line in visual acuity (0.18
logMAR) at 67 cm and to 0.44 logMAR at 33 cm. Conversely,
the two trifocal IOLs (FineVision and PanOptix) showed a
similar behavior, with a worse intermediate vision at 1m
compared to the EDOF IOL being 0.12 logMAR for Symfony
and 0.18-0.19 logMAR for FineVision and PanOptix, respec-
tively (p < 0 050). The three lenses showed a similar behavior
between 67 and 50 cm (p > 0 050), and at near vision, both
trifocal IOLs showed significantly better performance com-
pared with EDOF IOL (p < 0 050).

Contrast sensitivity function under photopic and sco-
topic conditions is presented in Figure 2. Differences
between IOLs were not significantly different at any spatial
frequency under both conditions (p > 0 050). Under phot-
opic conditions (Figure 2(a)), the three IOLs are above the
inferior limit of normality for 3, 12, and 18 cpd. Con-
versely, the three lenses dropped below the inferior limit
of normality for 6 cpd, and the PanOptix was below the
inferior limit for 1.5 cpd. Only for the lowest frequency,

Table 1: Technical specifications of the IOLs implanted.

PanOptix Symfony FineVision

Technology/design Trifocal Extended depth of focus Trifocal

Diffractive area 4.50mm 6.00mm 6.15mm

Geometry of central zone Diffractive
Aspheric anterior surface/posterior

achromatic diffractive surface
Diffractive

Optic type Nonapodized Nonapodized Apodized

Refractive index 1.55 1.47 1.46

Near add powers in the IOL plane
and spectacle plane

3.25D (2.6D) — 3.50D (2.8D)

Intermediate add powers in the
IOL plane and spectacle plane

2.17D (1.74D) — 1.75D (1.4D)

Spherical aberration −0.10μm −0.27μm −0.10μm
Material Copolymer acrylate-methacrylate UV-blocking hydrophobic acrylic 26% hydrophilic acrylic

Lens color Yellow No pigment Yellow
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the PanOptix lens performed worse than the other two
lenses (p = 0 049).

The light distortion analysis (Figure 3) showed that
the EDOF IOL had larger values of LDI (34.6± 16.0)
compared with the two trifocal IOLs but this difference
was not statistically significant (p = 0 237).

The results of the subjective questionnaire are pre-
sented in Figure 4. While the Symfony IOL presented
higher values showing worse performance in all categories,
differences were only statistically significant (p = 0 011) for
the bothersome subscale that reached an average value of
47.2± 16.0 compared with that of FineVision (32.8± 16.0)
or PanOptix (37.9± 12.0).

4. Discussion

In the present study, we report comparative performance of
the three newly designed IOLs for the correction of presbyo-
pia in patients successfully implanted and with optical
distance vision correction as shown in the through-focus
curves. For distance vision, our uncorrected visual acuity
was inferior to the values reported by other authors that
might be related to the residual refractive errors reported in
Table 2. Discrepancies with the outcomes of other studies
[25, 26] might be also related to the methodologies used to
record acuity using targets at infinity in devices such as the
Functional Visual Analyzer as we used or real targets at
shorter distances as the ETDRS charts. However, several
other studies do not report the tests used that makes it diffi-
cult to compare the results. Visual performance at different
vergences showed a similar behavior for both trifocal lenses,
as expected. In contrast, the EDOF lens provided a consistent
visual performance from distance and intermediate distance,
worsening below the performance of the trifocal lenses for
50 cm and closer distances. The uniform range of vision near
the 0 vergence might imply that this lens is more robust to
errors in the power calculation or in the final position of
the lens, without reducing distance vision significantly. This
is in disagreement with results presented recently by Gatinel
and Loicq [27] reporting optical bench measurements in the
Symfony EDOF IOL compared with a bifocal and a trifocal
IOL that predict a drop in modulation transfer function
(MTF) for the EDOF lens at intermediate vision for pupil
sizes larger than 2mm. Considering that the pupil size of
our sample (4.35mm) is larger than the 3.75mm of the
maximum pupil evaluated by Gatinel and Loicq, a worse
performance at intermediate vision would be expected based
on optical bench measurements. Our clinical results are
much better than those predicted. On the other hand, the

Table 2: Preoperative demographic data (mean± SD) of the patients enrolled in this study.

PanOptix Symfony FineVision Significance (p)†

Number of patients 7 15 23

Male : female 1 : 6 2 : 13 7 : 16

Age± SD (years) 62.3± 9.0 63.5± 9.4 62.6± 8.0 0.746

Axial length 23.2± 0.6 23.2± 1.7 24.0± 4.4 0.822

IOL power (D)∗ 21.6± 1.4 22.9± 4.2 22.0± 3.4 0.499

M preoperatively −0.71± 3.21 0.80± 3.85 0.96± 2.21 0.891

J0 preoperatively −0.06± 0.36 0.20± 0.43 −0.19± 0.46 0.069

J45 preoperatively −0.04± 0.11 0.01± 0.38 −0.01± 0.12 0.640

Time± SD since surgery (days) 42± 29 39± 13 50± 20 0.145

Distance binocular UCVA (postoperatively) 0.07± 0.10 0.08± 0.10 0.08± 0.09 0.780

Distance binocular BSCVA (postoperatively) −0.07± 0.19 −0.10± 0.19 −0.24± 0.14 0.613

Pupil diameter (mm) 4.6± 1.5 4.7± 1.3 4.9± 1.5 0.406

M postoperatively 0.13± 0.24 0.02± 0.80 0.27± 0.86 0.178

J0 postoperatively −0.06± 0.34 −0.11± 0.48 −0.09± 1.12 0.022

J45 postoperatively −0.05± 0.18 −0.03± 0.48 −0.09± 1.12 0.891

SD: standard deviation; IOL: intraocular lens; UCVA: uncorrected distance visual acuity; BSCVA: best distance spectacle-corrected visual acuity; M: spherical
equivalent; J0 and J45: horizontal and oblique components of the vector decomposition of cylindrical refraction. ∗Right eye only (interocular
difference ≤ 1.00 D). †Kruskal-Wallis Test.
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Figure 1: Defocus curves for the three lenses under comparison in
this study. Error bars represent 1× SD. ∗Statistically significantly
different at 0.05 level (Kruskal-Wallis).
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results of Domínguez-Vicent predict a better performance
for the EDOF lens at 50 cm (vergence +2.00D) compared
with 100 cm (vergence +1.00D). Our clinical results showing
good performance for distance and intermediate vision up to
100 and 70 cm do not agree with previous experimental
predictions based on simulation analysis. For example,
Gatinel and Loicq [27] obtained a maximum peak of perfor-
mance based on MTF values at 70 cm accordingly, while
Domínguez-Vicent et al. [19] found the best intermediate
performance for 50 cm. These differences might be related
to the fact that in vitro measurements are obtained with
monochromatic light under nonrealistic conditions com-
pared to clinical measurements and the adaptation effects
that the patient might undergo over time. Comparing the
trifocal IOLs, the PanOptix IOL shows a second peak of

improved visual acuity at +2.00D vergence compared with
the FineVision. This might be explained by the intermediate
addition provided in the PanOptix (+2.17D) compared to
the FineVision (+1.75D). This provides a wide range of good
vision for the PanOptix from distance to 40 cm as we report,
and this is in agreement with preliminary data reported by
Kohnen [28] on the first six eyes implanted with this lens.
The previous should not be understood as a direct justifica-
tion of the visual outcomes found in this study as the MTF
has shown to be not a good predictor of the clinical visual
acuity outcomes [29].
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Figure 2: Contrast sensitivity function under photopic (a) and scotopic (b) conditions measured with the Functional Visual Analyzer. Error
bars represent 1× SD. ∗Statistically significantly different at 0.05 level (Kruskal-Wallis). To avoid collapsing the lines, only the lower limit of
normality is shown (dashed line).
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Figure 3: Light distortion index (%) for the three IOLs under
evaluation. Error bars represent 1× SD.

0.0

10.0

20.0

30.0

40.0

50.0

60.0

70.0

80.0

Frequency Severity Bothersome
Score category

FineVision (n = 23)
Symfony (n = 15)
PanOptix (n = 7)

Q
oV

 sc
or

e (
0–

10
0)

⁎

⁎
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The present study showed also for the first time for the
IOLs investigated that the light distortion, as measured with
the Light Distortion Analyzer, affects a significant proportion
of patients, showing an increase compared to the mean and
median values of approximately 15–23% previously reported
for monofocal IOLs [20, 24]. These monofocal IOL studies
were for older populations (64–70 years of age) compared
to the present study (62-63 years). This is in agreement with
the common clinical knowledge and also with the prelimi-
nary data recently published by Brito et al. [20] with the
AT Lisa bifocal and trifocal IOLs. In their investigation of
light distortion with the trifocal AT Lisa 839M and bifocal
AT Lisa 909MP, the authors reported an average binocular
LDI of 29.29% and 40.49%, respectively, compared with
15.28% for the monofocal control group. Our results for the
trifocal IOLs (PanOptix and FineVision) agree with those
reported by Brito et al. In contrast with the expected, the
EDOF IOL showed higher average values compared with
the trifocal IOLs.

Despite the fact that average values of light distortion
were higher in patients with poorer low-contrast visual acuity
and lower contrast sensitivity postoperatively, the correla-
tions between light distortion and the remaining visual func-
tions were generally poor (correlation coefficient< 0.400).
This suggests that the CSF and LDA measure different
aspects of quality of vision in patients implanted with multi-
focal IOLs. In IOL patients, contrast sensitivity may be
reduced due to decreased visual quality, residual refractive
error, split of light into different foci, or intraocular light
scatter. In the present study, we found CS values within the
normal range expected for the age of the patients under
photopic conditions. However, under scotopic conditions
with glare, the CS was reduced for all lenses. The three lenses
performed similarly in terms of contrast sensitivity. This
might be explained by the fact that we measured CSF at
distance where the three lenses show accurate refractive
outcomes as seen in the defocus curves. The lower values
for the PanOptix at lower frequencies compared with the
other two lenses might be related to the limited sample in this
group compared with the other two.

Mastropasqua et al. evaluated the patient satisfaction
after bilateral implantation and combination of two similar
multifocal IOLs using the National Eye Institute Refractive
Error Quality of Life Instrument-42 questionnaire. Though
this questionnaire has not been specifically devised to
evaluate dysphotopic phenomena and contains some serious
psychometric flaws [30, 31], it includes some questions such
as glare. While the 2.5D addition subgroup showed a higher
glare score (better performance) compared with the higher
addition, this was not statistically significant [8]. Our results
with the QoV questionnaire agree with those with the LDA
measurements showing a slightly worse performance with
the Symfony compared with the trifocal IOLs, and this
difference was statistically significant for the bothersome
subscale. As said, this was not expected as this IOL should
reduce halo perception. However, in vitro measurements
obtained by Gatinel and Loicq show that this lens is expected
to show a more intense first halo compared with other
trifocal and bifocal lenses. They also report the spherical

aberration for this lens and show that for a 4.5mm pupil
(similar to the one shown by our patients), the lens will
induce high negative spherical aberration (−0.24 micron).
In a recent study, Macedo-de-Araújo et al. [18] showed that
inducing positive or negative spherical aberration in a
nonaccommodating eye will increase significantly the light
distortion size. This negative spherical aberration is neces-
sary to create the EDOF effect, but the consequence might
be a larger halo perception under night vision conditions.
In contrast, according to Table 1, the remaining two lenses
induce a slightly negative spherical aberration that counter-
balances the aberration of the cornea in the pseudophakic
patient and improves quality of vision. Therefore, we hypoth-
esize that the increase in light distortion in the trifocal lenses
is due to the superposition of the near, intermediate, and
distance focused and defocused images in the retinal plane,
while with the EDOF lens, the increase in negative spherical
aberration along with the diffractive optics for the achroma-
tizing purpose that might create some scattering phenomena
might add to each other to generate a larger distortion under
the conditions of our measurements with this experimental
device. This observation is also supported by the QoV ques-
tionnaire results, particularly for the bothersome score. In
trifocal IOLs, this phenomenon can be explained by the
superposition of the near and distance foci [32] but the same
mechanism should not explain the findings in the extended
depth of focus IOL. The potential involvement of scattered
light in the echelletes of the diffractive achromatizing surface
is a hypothesis that should be investigated in future studies.

One limitation of the present study is the limited sample.
The sample might also be underpowered to detect differences
in the light distortion and the subjective QoV questionnaire.
This is even more relevant in the PanOptix group with only 7
subjects. Assuming that one of the IOLs under comparison
would be hypothesized not to induce haloes, this small
sample should warrant 80% statistical power to detect
differences in light disturbance of 30 units between lenses
on a parallel study design. Instead, we found that all IOLs
under comparison induce similar light disturbance as
measured with this experimental device with a nonstatisti-
cally significant trend for the EDOF IOL to show a worse
performance in terms of light distortion and subjective
performance (statistically significant in the bothersome
domain). Residual refractive errors might also justify differ-
ences in performance in terms of light disturbances and
visual complaints, but we have not observed significant
differences in this domain either in the spherical equivalent
or in the astigmatic components (see Table 2). However, even
under good refractive outcomes, it is expected that the
complaints of dysphotopsia can be present. In a recent large
study involving several thousands of patients, nearly 40% of
the patients complained of worse night vision after implanta-
tion, despite their good uncorrected distance visual acuity
[26]. A recent study showed that the first halo estimated in
an optical bench for the Symphony lens was more intense
compared with that for the trifocal FineVision and a bifocal
IOL [23]. This should be further investigated in future studies
involving larger sample sizes, including the potential
relationship between the size and intensity of the haloes
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measured in an optical bench and those measured after lens
implantation with a psychophysical method such as the
LDA used in this work.
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Purpose. To evaluate lipids and C-reactive protein serum levels in patients with pseudoexfoliation syndrome (PEX) in the Polish
population. Methods. 96 patients were studied with PEX and 79 control subjects. Total cholesterol, triglycerides, high-density
lipoprotein (HDL)-cholesterol, low-density lipoprotein (LDL)-cholesterol, non-HDL-cholesterol and CRP serum levels, and
TG/HDL-C and TC/HDL-C indexes were assessed. Results. There were no significant differences in concentration of lipids and
values of TC/HDL-C, TG/HDL-C, and non-HDL-C between PEX and control groups. High-sensitivity C-reactive protein was
not increased in patients with PEX. Conclusions. Our results cast doubt on the opinion on the possible PEX and vascular
diseases relation. Further studies on this subject are mandatory.

1. Introduction

Pseudoexfoliation syndrome (PEX) is an age-related complex
systemic disorder of the extracellular matrix affecting the eye
and visceral organs. The average worldwide prevalence of
PEX is 10%–20% of the general population over the age of
60 years [1, 2]. A population-based study in the Northeastern
USA found prevalence of 0.67% in people aged 52–64 years,
2.6% in people aged 65–74 years, and 5% in people aged
78–85 years. In a survey conducted in Iceland, the prevalence
of PEX increased from 2.5% in the patients aged 50–59 years
to 40.6% in those aged> 80 years [3].

Originally, PEX was thought to be limited to the anterior
segment of the eye; some studies have indicated, however,
that pseudoexfoliative material may be present in blood ves-
sels and impaired endothelial function can be observed [1, 2].
Since endothelial dysfunction is an independent predictor of
future cardiovascular and cerebrovascular events, it might
suggest an increased vascular risk in PEX patients [4–6].
Dyslipidemia is a well-established risk factor for cardiovas-
cular and cerebrovascular diseases. Many studies have

shown a strong correlation between serum lipids levels and
risk of developing vascular events [6–8]. It was found that
C-reactive protein (CRP) is significantly associated with
cardiovascular disease [9].

The relationship between PEX and vascular diseases has
been investigated in many studies [10–16]. Some authors
have observed a connection between PEX and cardiovascular
or cerebrovascular diseases [4, 10–12, 14, 15]. However, there
are also studies reporting that PEX is not associated with
arterial hypertension, ischemic heart disease, and cerebrovas-
cular diseases [2, 17–21]. This discrepancy in opinions gave
us a spur to assess the relation between PEX syndrome and
chosen vascular risk markers in the Polish population.

2. Material and Methods

The subjects for this study were recruited from patients who
presented to the Department of Ophthalmology, Collegium
Medicum, UMK in Bydgoszcz, Poland for cataract surgery.
Exclusion criteria were any other ocular diseases except
PEX and cataract. Pseudoexfoliation changes were identified
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by slit lamp examination after pupil dilation as the presence
of typical PEX material on the anterior lens surface, iris, or
corneal endothelium in either eye. The individuals without
any evidence of pseudoexfoliation deposits were taken as
the control group. This study has been approved by the local
bioethical committee. All patients gave their informed
consent for this study.

We followed the methods described in our previous study
[22]. Blood sampleswere collected in all patients after an over-
night fast. Plasma was obtained within less than 1 hour to
avoid proteolysis and stored deep-frozen (−80°C) in small
aliquots until assayed but no longer than 8months. Total cho-
lesterol (TC), high-density lipoprotein (HDL)-cholesterol,
and triglyceride (TG) levels were measured by an autoanaly-
zer (ARCHITECT ci8200, Abbott Diagnostics, Wiesbaden,
Germany) using enzymaticmethods. Low-density lipoprotein
(LDL)-cholesterol levels were calculated using the Friedewald
formula. Moreover, TG/HDL-C, TC/HDL-C, and non-
HDL-C as atherogenic indexes were calculated. High-
sensitivity CRP (hs-CRP) level was measured using the BN
II System nephelometer (High-Sensitivity CRP; Siemens
Healthcare Diagnostics, Deerfield, IL, USA), providing excel-
lent precision with the coefficient of variation (CV) reported
by the manufacturer of less than 10%. CVs for hs-CRP esti-
mated in our laboratory were below 3.5% and below 4.5%
for hs-CRP concentrations below 1mg/L and above 3mg/L,
respectively. The lower limit of hs-CRP detection was
0.175mg/L. We divided the patients with PEX into three
groups: group A with low risk (hs-CRP concentration less
than 1.0mg/L), group Bwith average risk (hs-CRP concentra-
tion 1.0 to 3.0mg/L), and group C with high risk of cardio-
vascular disease (hs-CRP concentration above 3.0mg/L)
according to the American Heart Association and U.S.
Centers for Disease Control and Prevention.

The statistical analysis of results was performed using the
Kolmogorov-Smirnov test to assess normality of distribution
of investigated parameters. Data were expressed as medians
with the interquartile range (25th–75th percentiles) accord-
ing to the distributions of the continuous variables. Differ-
ences between the PEX and control groups were analyzed
by the Mann–Whitney U test for independent samples of
nonparametric data. Comparisons of median values between
groups were done by ANOVA. The significance level for all
statistical tests was 0.05. Statistical analysis was performed
using Statistica software (version 8).

3. Results

We studied 96 patients with PEX (26 males and 70 females),
median age 76 years (Q1=72; Q3= 82), and 79 age- and sex-
matched controls (28 males and 51 females), median age 75
years (Q1= 70; Q3=80). The concentrations of serum lipids,
hs-CRP, and values of atherogenic indexes constituting one
of the major cardiovascular risk factors are shown in
Table 1. There were no significant differences in concentra-
tion of lipids between PEX and control groups. Moreover,
we did not observe significant differences for other calculated
parameters like TC/HDL-C, TG/HDL-C, and non-HDL-C.
High-sensitivity C-reactive protein level was not increased

in patients with PEX and was found to be similar to that
of controls.

The HDL-C concentration in the PEX female subgroup
was statistically higher than in males: 58mg/dL (Q1:48;
Q3:67) versus 52mg/dL (Q1:40; Q3:58), p = 0 02. In the
control group, we did not find such correlation. The concen-
trations of other serum lipids, hs-CRP, and values of athero-
genic indexes did not differ between males and females, both
in PEX and control groups.

We did not observe any significant differences for lipids
and atherogenic indexes between the following subgroups:
group A with low risk, group B with average risk, and group
C with high risk of cardiovascular disease (Table 2).

4. Discussion

There are some studies on the possible association between
PEX and vascular diseases although their results are incon-
clusive [10–16]. The risk for cardiovascular and cerebrovas-
cular diseases might be ascribed to the accumulation of
pseudoexfoliative fibrils in the arterial wall [2].

It has been proven that one of the several tests in a
vascular risk profile, along with tests for cholesterol and
triglycerides, is high-sensitivity CRP [6–9].

Studies, that analyzed serum lipids levels and PEX associ-
ation, provided conflicting results. All these studies are diffi-
cult to compare as they vary in size and design. Türkyılmaz
et al. found that the mean total cholesterol and triglycerides
levels were significantly higher, and mean serum HDL level
was lower in the PEX group of 40 patients compared to the
controls [23]. We were unable to show an association
between the serum lipid levels and PEX syndrome. Our find-
ings are in accordance with the results of Atalar et al. (23 PEX
patients) and Spečkauskas et al. (152 PEX patients), who
did not reveal the differences in lipid levels in PEX patients
[2, 24]. The latter authors found no clear PEX association
with triglyceride and HDL cholesterol levels as well as
ischemic heart disease after controlling for effect of age in
the population-based study. Presence of PEX was not
significantly associated with the blood concentration of
high-density lipoproteins and cholesterol in the study of
Jonas et al. comprising 69 PEX patients [25].

There is also discrepancy regarding CRP levels in PEX.
Elevated plasma hs-CRP levels have been reported in patients

Table 1: Biochemical parameters in PEX patients and controls.

Parametres
PEX patients’

median (Q1–Q3)
n = 96

Control median
(Q1–Q3)
n = 79

p

TC (mg/dL) 199 (176–240) 213 (178–245) 0.25

HDL-C (mg/dL) 55 (45–66) 53 (46–64) 0.39

TG (mg/dL) 125.5 (83.5–161.5) 114 (88–152) 0.61

LDL-C (mg/dL) 114.5 (93.5–152) 128 (103–156) 0.14

Non-HDL-C (mg/dL) 139 (115.5–181) 158 (128–193) 0.13

TC/HDL-C 3.73 (2.95–4.50) 3.78 (3.28–4.54) 0.26

TG/HDL-C 2.2 (1.39–3.30) 2.07 (1.45–3.45) 0.83

hs-CRP mg/l 1.53 (0.75–3.71) 1.57 (0.74–3.44) 0.90
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with PEX by Sorkhabi et al. [26]. Nevertheless, the study of
Kymionis et al. as well as Yüksel et al. revealed that serum
CRP levels were not elevated in patients with PEX [27, 28].
This is in accordance with our results which showed that
serum CRP levels were not increased in patients with PEX
and were found to be similar to that of controls. The conflict-
ing results of these studies may be due to the selection bias.
Similarly to Sorkhabi et al., in our study, we strictly excluded
all conditions which may affect the levels of inflammatory
biomarkers [26].

Our research casts doubt on the possibility of PEX and
cardiovascular and cerebrovascular disease association. These
findings suggest that patients with this syndrome do not
suffer from increased comorbidity and mortality.

5. Conclusions

Serum lipids and hs-CRP levels nor values of atherogenic
index hs-CRP were elevated in PEX patients in the Polish
population. These findings raise doubt on the opinion on
the possible PEX and vascular disease relation. As ours and
other studies results are inconclusive, the causes and connec-
tions of PEX still remain unexplained and further studies on
this subject are required.
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Purpose. To investigate the ocular parameters of premature infants without ROP at gestational age (GA) more than 28 weeks and
their relationship with growth parameters.Methods. 76 preterm infants without ROP and 65 term infants were involved to undergo
portable slit lamp, RetCam3, ultrasonic A-scan biometry, and cycloplegic streak examination at their 40 weeks’ postconceptional
ages (PCA). Ocular parameters of infants’ right eye and growth parameters were used for analysis. Results. All the infants were
examined at 40 weeks’ PCA. No significant difference was found between male and female in axial length of preterm infants
(p= 0.993) and term infants (p = 0 591). Significant differences were found in axial length (AL), anterior chamber depth (ACD),
lens thickness (LT), and vitreous depth (VD) between preterm and term infants. No significant correlation was found between
AL and spherical equivalent in preterm infants’ group. In preterm group, AL was significantly correlated with gestational age
(GA), birth weight (BW), and head circumference (HC). Conclusions. Preterm infants had shorter AL, shallow ACD, thicker LT,
and thinner VD compared to term infants. Refractive error in preterm infants at GA between 28 to 37 weeks was not related to
axial length. Among all the growth parameters of preterm infants, GA, BW, and HC had effect on axial length.

1. Introduction

Due to the rapid prevalence of myopia, refractive error has
long been the most important eye problem throughout the
world especially in Asian countries [1]. Prematurity, with
childbirth before 37 weeks of pregnancy, is associated with
many ocular abnormalities, such as retinopathy of prematu-
rity (ROP), refractive error, and amblyopia. Refractive error,
on the other hand, is found to be related to not only prema-
turity but also increasing severity of retinopathy of prematu-
rity (ROP) as well [2]. The increasing risk of refractive error
in prematurely born infants is nowadays urgent to be solved.

The major proportion of eye growth occurs within the
first 12 months after birth [3]. It is well known that term
infants are commonly hypermetropic, while preterm infants
are always associated with myopia [4–7]. Many researchers
have found that the development of myopia in premature
infants may be related to ocular parameters, such as axial
length and anterior chamber depth [6, 8, 9]. Others tended
to believe its association with the corneal curvature and

refractive power of the lens [10–12]. Current studies focused
more on premature infants with gestational age (GA) lower
than 28 weeks, who were apt to suffer from ROP. In the
present study, we investigated the ocular parameters of
premature infants with GA more than 28 weeks and their
relationship with growth parameters.

2. Materials and Methods

All the infants involved were recruited from the Department
of Neonatology of the 2nd Affiliated Hospital of Wenzhou
Medical University. Regional ethics committee approval and
parental consent were obtained. Exclusion criteria included
ocular anomalies such as microphthalmos, anophthalmos,
craniofacial deformities, congenital glaucoma, cornea, and
lens, or any other fundus abnormalities (such as ROP) and a
history of cerebral damage. Premature infants with GA of less
than 28 weeks were also excluded in the study. There was no
geographic or ethnic dissimilarity in this study. All the infants
were Chinese.
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At the first visit, growth parameters such as GA, length,
birth weight (BW), and head circumference (HC) at birth
were obtained. At 40 weeks’ postconceptional ages (PCA)
(defined as the gestational age at birth plus the age in weeks
at the time of examination), all the infants including prema-
ture and term infants underwent portable slit lamp, RetCam3
(Clarity Medical System, USA), ultrasonic A-scan biometry,
and cycloplegic streak retinoscopy (cyclopentolate 0.5%)
instilled at 10-minute intervals three times, 40 minutes before
retinoscopy. RetCam3 was used to exclude ROP or other
retinal disease. Cycloplegic streak retinoscopy was used to
get the refractive status of each infant. The ultrasonic exam-
ination was performed using an A-scan biometer (Carl Zeiss
Meditec, Oberkochen, Germany) to measure the axial length
(AL), anterior chamber depth (ACD), lens thickness (LT),
and vitreous depth (VD). The probe was placed lightly on
the center of the cornea, perpendicular to its axis. The probe
was maintained in this position until three clear traces were
obtained on the screen. The average value from the three
images was recorded.

All the data obtained were analyzed using SPSS (version
17.0; SPSS Inc., Chicago, IL, USA). The values obtained for
all parameters were expressed as mean± SD. t-test was used
to compare parameters between two groups. Simple linear
regression analysis was performed to get the association of
axial length with each of the variables, namely, spherical
equivalent (SE), GA, length, BW, and HC. A p value below
0.05 was considered significant.

3. Results

76 premature infants (with 27 female and 49 male) and 65
term infants (with 32 female and 33 male) were involved in
the research. The data of infants’ right eye were chosen for
analysis. The GA in the preterm group was 32.97± 2.15w
and in the term group, 39.29± 1.30w. All the growth
parameters for preterm and term infants were shown in
Table 1. No significant difference was found between male
and female in axial length of preterm infants (p = 0 993)
and term infants (p = 0 591). The mean and SD of infants’
SE, AL, ACD, LT, and VD were shown in Table 2. Signif-
icant differences were found in AL, ACD, LT, and VD
between preterm and term infants’ groups.

In preterm group, AL was significantly correlated
with GA (r = 0 312, p = 0 006), BW (r = 0 344, p = 0 002),
and HC (r = 0 241, p = 0 041) but not correlated with SE
(r = −0 226, p = 0 05) and length (r = 0 229, p = 0 053).

4. Discussion

This research focused on Chinese premature infants born at
GA between 28 to 37 weeks without ROP or other ocular dis-
ease and evaluated the association of AL with other ocular
and growth parameters. Our study showed that with a GA
of 28 to 37 weeks, premature infants did have lower AL,
shallow ACD, thicker lens, and shorter VD (Table 2). AL
was significantly correlated with GA, BW, and HC.

Fieß A et al. [13] once compared the axial length and
anterior segment alterations in preterm infants with those

of full-term infants and found significant differences between
preterm and full-term infants aged≤ 7 years for spherical
equivalent, astigmatism, corneal diameter, and axial length.
Tian et al. [14] investigated the development of the refractive
status in premature infants aged 0 to 6 years old and found
that the axial length in preterm infants was significant shorter
than that in term infants. Ecsedy et al. [15] compared the
ocular geometry and refraction in children with a history of
preterm birth and found that in the premature eyes, anterior
chamber depth was marginally smaller, the lens was signifi-
cantly thicker, and axial length was significantly shorter. All
the research above focused on older preterm children. In
our research, we measured the ocular parameters in preterm
infants with GA between 28 and 37 weeks without ROP and
found that preterm infant had shorter AL, smaller ACD,
thicker lens, and shorter VD. As we know, ocular structures
go through a continuous development and remodeling pro-
cess after birth [16]. Premature departure from the intrauter-
ine environment may affect ocular development [17]. We
believe that premature birth even with GA older than 28
weeks delays the development of ocular structures, which
happens sooner after birth.

Preterm infants were thought to be more myopic than
term infants [8]. However, ocular biometry and the mecha-
nism of myopia in preterm children were somewhat different
from those in full-term children. Anterior segment compo-
nents were thought to contribute more to myopia progres-
sion in preterm children [8, 18–20]. Axial length, on the
other hand, changed differently [18–21]. According to our
result, axial length had no significant relationship with spher-
ical equivalent. It was considered that early refractive errors
may not provide enough information in predicting the later
refractive and axial length outcome.

Fieß A et al. [13] detected axial length associated with
birth weight and age. Modrzejewska et al. [9] found a corre-
lation between axial length and birth weight. In our research,
AL was significantly correlated with GA, BW, and HC. As the
major proportion of eye growth occurs within the first year
after birth, our observation suggested that ocular growth be
affected by prematurity and led to shorter axial length, espe-
cially in the first years of life.

The prematurely born children had a higher prevalence
of hypermetropia (>3D) and clinically significant myopia
(≤−1D) than those born at term. Moderate or high myopia
(<−3D) was found only in preterm group. In our preterm
group, take the right eye for granted, there were 22.37%
(17/76) of hypermetropia (>3D) and 15.78% (12/76) of sig-
nificant myopia (≤−1D). Four infants had moderate or high

Table 1: Growth parameters and age for both preterm and term
infants.

Growth parameters
Preterm infants
(mean± SD)

Term infants
(mean± SD)

Gestational age (weeks) 32.97± 2.15 39.29± 1.30
Birth weight (g) 1930± 525 3232± 475
Head circum. (cm) 30.68± 1.98 33.93± 1.35
Length (cm) 42.83± 4.38 49.98± 2.50
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myopia (≤−3D). The percentages of hypermetropia and sig-
nificant myopia were higher than those of our term group
(with 10/65 of hypermetropia and 5/65 of significant myo-
pia). Due to the limitation of sample size, further studies were
needed for larger sample investigation.

In this research, we investigated the axial length and
refractive status of preterm infants with a GA of more than
28 weeks without ROP and found that preterm infants had
shorter AL, shallow ACD, thicker LT, and thinner VD. Axial
length in preterm infants was significantly correlated with
gestational age, birth weight, and head circumference.
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Purpose. To examine the current knowledge about the age-related processes in the anterior segment of the eye at a biological,
clinical, and molecular level. Methods. We reviewed the available published literature that addresses the aging process of the
anterior segment of the eye and its associated molecular and physiological events. We performed a search on PubMed,
CINAHL, and Embase using the MeSH terms “eye,” “anterior segment,” and “age.” We generated searches to account for
synonyms of these keywords and MESH headings as follows: (1) “Eye” AND “ageing process” OR “anterior segment ageing”
and (2) “Anterior segment” AND “ageing process” OR “anterior segment” AND “molecular changes” AND “age.” Results.
Among the principal causes of age-dependent alterations in the anterior segment of the eye, we found the mutation of the TGF-
β gene and loss of autophagy in addition to oxidative stress, which contributes to the pathogenesis of degenerative diseases.
Conclusions. In this review, we summarize the current knowledge regarding some of the molecular mechanisms related to aging
in the anterior segment of the eye. We also introduce and propose potential roles of autophagy, an important mechanism
responsible for maintaining homeostasis and proteostasis under stress conditions in the anterior segment during aging.

1. Introduction

According to the Global Health Estimates (WHO 2014) by
2017, for the first time in history, the number of people
aged 65 years and older globally will outnumber children
younger than 5 years of age (World Health Organization,
[1]). Specifically in Latin America (according to the World
Population Aging report from the World Health Organiza-
tion, 2015), over the next 15 years, the number of elderly
population is expected to grow faster in this region, with a
projected 71 percent increase in the population aged 60
years or over [1, 2].

The anterior segment of the eye comprises all the
structures located between the corneal epithelium and the

posterior capsule of the lens. This review aims to revise the
main molecular, physiological, and age-related changes in
the anterior segment of the eye.

2. Methods

This review focuses on published articles that address the
subject of the aging process in the anterior segment of the
eye and the associated molecular and physiological events.
We performed a search on PubMed, CINAHL, and Embase
for the published literature available using the MeSH terms
“eye,” “anterior segment,” and “age.” We used no language
restrictions. We generated searches to account for synonyms
of these keywords and MESH headings as follows: (1) “Eye”
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AND “ageing process”OR “anterior segment ageing” and (2)
“Anterior segment” AND “ageing process”OR “anterior seg-
ment” AND “molecular changes” AND “age”. The search
encompassed manuscripts published up to March 2017,
and it generated 531 individual references. Abstracts from
meetings were not included, as they usually do not contain
enough information to perform a proper evaluation. Two
researchers (LFHZ and RGS) identified 78 published studies
that met the inclusion criteria.

3. Results

3.1. Primary Age-Related Changes in the Anterior Segment

3.1.1. Ocular Surface and Cornea. Meibomian glands,
responsible for the oily component of the tear film, become
dysfunctional in most patients aged 60 and older, causing
rapid evaporation of the tear film with subsequent dry eye
symptoms, discomfort, and visual disturbances [3]. In addi-
tion, the cornea suffers changes in its shape and optical
properties, including corneal steepening measurable by kera-
tometry and a shift in toricity from with-the-rule to against-
the-rule astigmatism and increased collagen interfibrillar
spacing, as well as an increased thickness of Descemet’s
membrane [4]. It also becomes more prone to infections,
mainly due to increased epithelial permeability and impaired
barrier function secondary to the focal loss of hemidesmo-
somes that occurs with age [5], as well as decreased phago-
cytic ability of neutrophils. Within the corneal stroma, the
senescent keratocytes overexpress collagenase, stromelysin,
and elastase [6]. Increased levels of lipofuscin and endoge-
nous ceramide have been reported. With time, there is an
asymptomatic deposition of lipids concentrically to the lim-
bus (cholesterol esters, cholesterol, and neutral glycerides),
which is the most frequent age-related corneal change,
known as arcus senilis or gerontoxon [7]. Another corneal
age-related change is the Hassall-Henle bodies, which consist
of localized thickenings in the posterior surface of Descemet’s
membrane, at the periphery of the cornea, that contain a
material thought to be collagen, in which several fissures
are filled with extrusions of the corneal endothelium.
Although these bodies are present in degenerations and
chronic inflammation, they are also associated with the aging
cornea [7]. Finally, endothelial cells decrease with increasing
age at an annual rate of 0.6%, and since they do not have the
ability to regenerate, endothelial cell loss is an important
aspect to consider in the aging eye, due to their importance
on corneal homeostasis maintenance.

3.1.2. Trabecular Meshwork.As the human eye ages, there are
structural changes in the anterior segment of the eye that
increase the incidence of glaucoma in this age group. For
example, some structural changes that increase the resistance
to aqueous outflow occur more commonly in older adults.
These changes include thickened trabecular sheets due to
accumulation of “curly” collagen and pigment in the trabec-
ular meshwork, decrease of proteoglycans (chondroitin and
dermatan sulphates) [8], loss of trabecular endothelial cells,
reduction of open pores and spaces of the trabecular

meshwork, and accumulation of laminin beneath the endo-
thelial lining of Schlemm’s canal [9]. In addition, the loss of
trabecular endothelial cells allows the fusion of trabecular
beams through hyalinization that results in dysfunctional
phagocytosis, as well as macromolecules synthesis and/or
degradation that alter physiologic processes.

3.1.3. Lens. Cataracts, the most common cause of vision loss
in older people worldwide, are a well-known age-related
change. Cataract formation includes the deposition of aggre-
gated proteins in the lens and damage to the plasmatic mem-
brane of lens fiber cells. One of the primary changes during
aging is the increase of the relative thickness of the lens’ cor-
tex throughout a person’s life [10]. This change increases the
curvature and therefore the refractive power of the lens, with
the concomitant deposition of insoluble particles, which at
the same time decreases the refractive index. Therefore, the
eye may become more hyperopic or more myopic with age,
depending on the predominant change [10].

Chaperone proteins contribute to ensure quality control
mechanisms in other to achieve an adequate protein function
under normal and stress circumstances [11]. Mitochondria
contain two particular chaperones: human heat shock pro-
teins (Hsp) 60 and 70, which protect damaged proteins in
the aging eye [12]. The Hsp alpha-crystallin is made of two
polypeptides, alpha A crystallin and alpha B crystallin, which
are the predominant proteins of the eye lens in vertebrate
animals. Alpha A is key for lens transparency, ensuring that
alpha B or other close related proteins remain soluble [13].
Nevertheless, as the cell fibers of the lens grow, a proteolytic
cleavage of crystallins represents a gradual conversion from
water-soluble into water-insoluble proteins. This change
induces their aggregation, which in turn provokes subse-
quent light scattering and lens opacity.

Recently, Augusteyn described a lens increase of 1.3mg
of lens tissue/year during the adult life [14]. However, once
polypeptides are synthesized and integrated into mature fiber
cells, the capacity to break down proteins using proteases
such as caspase presumably persists for some time afterwards
to allow organelle degradation [14–16]. Other age-related
changes in the lens include decreased concentrations of glu-
tathione and potassium and increased concentrations of
sodium and calcium in the cytoplasm of the lens’ cells [17].

All the aforementioned age-related changes in the struc-
tures of the anterior segment are depicted in Figure 1.

4. Biomarkers

The term biomarker of aging has been defined as a “biological
parameter of an organism that either alone or in some multi-
variate composite will better predict functional capability at
some late age than will chronological age” [18].

4.1. Inflammatory Markers. Evidence shows that inflamma-
tion plays an important role in the aging process; therefore,
inflammation biomarkers could be suitable determinants of
the aging processes [19]. In the anterior segment of the
eye, dysregulation of the complement pathway with altered
levels of both intrinsic complement proteins and activated
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products triggered by oxidative stress has been associated as
key players in the aging process [20]. Complement compo-
nents contribute to pathogenic processes by damaging
tissues and being highly chemotactic and capable of facilitat-
ing neovascularization [21]. Montalvo et al. recently estab-
lished an association between C1q, C3, and C4 and corneal
and lens anterior capsule damage without inflammation
[22], suggesting that molecules released by inflammatory
cells and inflamed tissues may affect adjacent tissues not
directly involved in the pathogenic process [23].

4.2. AGEs. Another cluster of age-related biomarkers is con-
stituted by the advanced glycation end products (AGEs),
which are a heterogeneous group of macromolecules formed
by nonenzymatic glycation of proteins, lipids, and nucleic
acids, where sugars such as glucose react with amino groups
in proteins, lipids, and nucleic acids [24]. Aging relates to the
presence of AGEs in the cornea, lens, and other ocular struc-
tures [24–26]. In the lens, epithelial cell glycation occurs as a
reaction of aldo and keto groups of carbohydrates with
amino groups of proteins (mostly lysine and arginine
residues) [27].

Nevertheless, the lens itself is not only affected by AGEs.
Similar to other basal membranes (BM), the lens capsule, a
BM secreted by the lens epithelial cells, tends to accumulate
posttranslational modifications with age, since the proteins
that constitute BMs usually present a low turnover rate
[26]. Raghavan et al. reported AGE accumulation in the
human lens capsule with increasing age, which in turn is
associated with a higher incidence of cataract [28].

In addition, recent studies suggest that AGEs bind to a
cell surface receptor known as RAGE. RAGE belongs to the
immunoglobulin family of receptors [29]. AGE-RAGE inter-
action increases intracellular oxidative stress by activation of
NADPH-oxidase, a key mediator in superoxide radical pro-
duction [29]. Therefore, AGEs are linked to another hallmark
of aging: oxidative stress.

5. Oxidative Stress

Oxidation-reduction mechanisms are of paramount impor-
tance in the eye, since oxidative damage can result in spe-
cific molecular changes that contribute to the development
of age-related sight-threatening diseases such as glaucoma
and cataracts.

5.1. Reactive Oxygen Species—Reducing Agents. Reactive
oxygen species (ROS) comprise a group of molecules formed
by the partial reduction of oxygen. They generate in the
intracellular space as by-products of cellular aerobic metab-
olism or may be acquired from exogenous sources due to the
exposure of cells to the environment. ROS play an essential
role in cell signaling and regulation; however, when their
production exceeds the intrinsic antioxidant capacity, they
induce damage to cell components such as DNA, proteins,
and lipids [30].

The production of ROS, such as hydroxyl radical (-OH),
single oxygen (O2), hydrogen peroxide (H2O2), and
peroxynitrite (OONO-), has to be balanced with the primary
antioxidants and chaperones, reducing agents, antioxidant
enzymes, and protein repair systems which protect the tis-
sues against oxidative stress [12]. These reducing systems
use electron donors such as glutathione (GSH), NADPH,
NADH, FADH2, and thioredoxin.

The main reducing system in the eye is the glutathione
system that includes reduced GSH, oxidized glutathione
(GSSG), and a number of related enzymes [12, 31]. Glutathi-
one peroxidase reduces H2O2 to water and leads to the
oxidation of GSH to GSSG. The reduced state of GSH is
maintained by glutathione reductase in which NADPH is
needed, hence the importance of glucose-6-phosphate dehy-
drogenase as well. This system is capable of detoxifying
H2O2, dehydroascorbic acid, and lipid peroxides and main-
tains protein thiols in a reduced state. Other reducing agents
include thioltransferase that reduces protein thiols by using
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Figure 1: Illustration depicting the most relevant structural changes that occur with aging in the anterior segment of the eye.
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reduced GSH [32] and thioredoxin that uses NADPH to
maintain mitochondrial proteins in a reduced state [33].
Antioxidant enzymes contribute to the protective role against
ROS, like superoxide dismutase, especially SOD2 that con-
verts O2- to hydrogen peroxide. Studies have shown that
SOD2 is helpful to protect lens epithelial cells, since cells with
high-level expression of this enzyme show resistance to the
cytotoxic effects of H2O2, O2-, and UVB radiation [34]. On
the contrary, SOD2-deficient cells show mitochondrial dam-
age, leakage of cytochrome C, caspase 3 activation, and
increased apoptosis when exposed to O2- [35].

Based on this data, one can conclude that this system is of
great significance to ocular and general health maintenance.
Therefore, as its efficacy decreases with age, several eye
diseases may develop.

5.2. ROS in the Lens.As previously mentioned, ROS are gen-
erated from intrinsic and extrinsic sources. Through the
years, the lens becomes a tissue highly susceptible to oxida-
tive damage since the proteins that constitute it are never
replaced. Consequently, protein oxidation, DNA damage,
and lipid peroxidation are all found in the process of catar-
actogenesis [36]. Nevertheless, since the lens has a high
concentration of reduced glutathione as previously men-
tioned, it helps to maintain reduced thiol groups, leading
to transparency of the lens and cornea [31].

Phospholipid composition of lens membranes is of par-
ticular interest: sphingolipids increase with age, whereas
glycerolipids decrease. The decrease in glycerolipids might
correlate with the fact that glycerolipids are more prone to
oxidation, and at the same time, the growing numbers of
oxidized sphingolipids increase membrane stiffness. Studies
show that both findings are exacerbated in cataractous
lenses [37].

As previously mentioned, concentration of nuclear
glutathione (GSH) helps to prevent oxidation. In the lens,
epithelial cells are the only ones that accomplish aerobic
metabolism and thus the only cells containing mitochondria
aside from newly differentiated fiber cells. Damage to these
mitochondria leads to a redox imbalance that affects proteins
and lipid plasma cell membranes of the fiber cells [30].

The lens has a high metabolic demand mainly in the
equatorial regions of the lens epithelium, where cell division
and differentiation usually occur [38]. An extensive gap junc-
tion network meets metabolic fiber cell demands, from which
one can deduce that epithelial cell dysfunction has an impor-
tant role in lens damage [36]. Recent studies on bovine lenses
showmetabolically active mitochondria in both epithelial cell
and superficial cortical fiber cells [39].

5.3. ROS in Glaucoma. Oxidative stress contributes to the
pathogenesis of neurodegenerative diseases, including apo-
ptosis of retinal ganglion cells characteristic of glaucoma.
The exact molecular physiopathology of POAG is unknown;
however, it relates to cellular damage by ROS through direct
cytotoxicity and specific amino acid enzymatic oxidation.
These protein modifications may lead to glial dysfunction,
which spreads neuronal damage by secondary degeneration
[40]. Another important structure damaged by oxidative

stress is the trabecular meshwork. It has a particular
susceptibility to mitochondrial oxidative injury that affects
its endothelium. This damage induces cell decay, subclinical
inflammation, changes in the extracellular matrix and cyto-
skeleton, reduced aqueous outflow, and consequently,
increased intraocular pressure [41].

6. Autophagy and Aging in the
Anterior Segment

Cellular homeostasis depends on the proteostasis network
that under normal conditions senses and rectifies distur-
bances in the proteome to restore homeostasis in the cells.
Proteostasis maintenance is achieved mainly by two proteo-
lytic systems: the ubiquitin-proteasome and the autophagic
system. There are some differences between them: while
substrates of the ubiquitin-proteasome pathway are pre-
dominantly short-lived proteins, autophagy substrates are
long-lived proteins and multiple proteins organized into olig-
omeric complexes or aggregates not suitable for degradation
by other systems [42].

In this regard, autophagy is a catabolic process that
“eats” different products (aberrant organelles, misfolded
proteins, and protein aggregates) into double membrane
autophagosomes and delivers them to lysosomes [43]. The
proper function of this process is important because it is
the only currently known mechanism that eukaryotic cells
possess not only to degrade protein aggregates but also to
recycle entire organelles such as mitochondria and peroxi-
somes [44]. In addition, cell survival is highly dependent
on autophagy: loss of autophagy causes accumulation of
ubiquitin-positive inclusion bodies and triggers degeneration
processes [45].

Although initially autophagy was described as a cata-
bolic process that regulates nutritional homeostasis under
stress conditions, currently, autophagy is recognized as a
fundamental participant in homeostasis that degrades com-
ponents that are toxic for the cell. Autophagy is a very
complex process and requires a series of coordinated steps.
The first step involves the formation of an isolation vesicle
called phagophore (Figure 2).

After phagophore formation, it elongates around the
cytoplasmic components selected for degradation. The rec-
ognition of the components for degradation and the closing
of the vesicle are dependent on the lipidated form of LC3
protein (microtubule-associated protein light chain 3). The
lipidated form of LC3 is associated with the outer and inner
membranes of the autophagosome [46, 47]. A specific path-
way that requires at least twenty proteins called ATG
(autophagy-related proteins) forms these autophagosomes
[47]. Finally, the late stage of autophagy (maturation)
depends on the fusion of the autophagosome with the lyso-
some. This allows contact of the autophagosome cargo with
the lysosomal hydrolases and consequently degradation of
the components that could be recycled (Figure 2(b)). These
steps are fundamental for the autophagic flux (the continu-
ous series of events since the cargo is engulfed until it is
degraded). Any event that alters this flux also impairs the
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degradation process and leads to accumulation of autopha-
gosomes [45–47].

There are some particular stages of the autophagy pro-
cess. There is an initial stage called initiation that requires a
complex formed by the kinase ULK1 (UNC51-like kinase)
and its substrates: Atg13 and FIP200. ULK1 may be regulated
in two main ways: inhibition by mTOR (target of rapamycin
complex 1) and stimulation by AMPK (AMP-activated pro-
tein kinase) [47]. During nucleation, the participation of
Beclin1 protein, as well as Vsp34 and Atg14, is critical. These
proteins form a complex to recruit WIPI1 and Atg2, aiding to
form a new autophagosome. Subsequently, elongation and
closure of the autophagosome occur. This event involves
the formation of an Atg7-dependent conjugated system
(Atg12-Atg5), which is responsible for LC3 lipidation by
phosphatidylethanolamine. The expansion of this autopha-
gosome membrane is a consequence of the participation of
Atg9, and the closure of the autophagosome is a process that
helps to include proteins to be degraded (cargo). In the end,
cargo degradation is dependent on the interplay between
lysosomes and autophagosomes, the so-called autolysosome.
One key participant in the transport of autophagic vacuoles is
FYCO1 protein [46–47].

In the eye, all cells undergo autophagy in order to
maintain a specific and normal function contributing to
healthy vision. These cells express differential autophagy-
related proteins, but when they harbor gene mutations, they
activate stress-induced autophagic pathways and induce the
development of ocular diseases [48].

This section of the review summarizes the current
knowledge about the role of autophagy in ocular health
and disease (specifically cornea and lens), as well as the
potential molecules that could be used as a protective
therapy against anterior segment degeneration in aging.

6.1. Autophagy in Cornea.During aging, there is an overaccu-
mulation of abnormal aggregated proteins in the corneal
epithelium and stroma. Among the principal causes of age-
dependent accumulation of aggregated proteins in these
regions is the mutation of the TGF-β gene that affects corneal
transparency. This growth factor participates in cell adhesion
andmigration. In addition, it is recognized as a component of
extracellular matrix. The mutant TGF-β1 protein is more
prone to aggregation, and it is eliminated specifically by
autophagy through the interaction between TGF-β and
LC3. The abnormal accumulation of mutant TGF-β1 and
the dysregulation of the autophagic process relates to the
development of granular corneal dystrophy type II (GCd2)
[49, 50]. Indeed, an autophagic inductor suggested for the
treatment of GCD2 is lithium. Lithium enhances autophagy
by an mTOR-independent pathway, reduces the expression
of TGF-β1, and increases LC3-II levels [48].

In a mice model of Fuchs’ endothelial corneal dystrophy
(FECD), the authors observed an increase of LC3 and macro-
autophagy [49], as well as a decrease in Atg12-Atg5 that
affects the complete degradation of different organelles [48].

In addition, in the cornea and conjunctiva, there are infec-
tious (HSV-1 infection) and non-infectious (keratoconus)
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represented in this diagram of corneal and lens cells, displaying autophagy proteins altered in various stages of autophagic processes and
the consequences of these modifications.
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inhibitors of autophagy, but the mechanisms involved have
not been fully understood [48, 51]. The cornea is a target
for HSV-1, and after the internalization of the virion and
membrane fusion, the viral genome is delivered to the endo-
thelial cell nucleus. As we previously mentioned, Beclin1 is
necessary for autophagosome formation through the inter-
action with Vsp34. In this infection, the virus interacts
directly with Beclin1. Some authors have reported different
synthetic inductors of autophagy such as the preservative
benzalkonium chloride (BAC) [51].

There are several reports describing the participation of
autophagy in other pathologies like age-related macular
degeneration, diabetic retinopathy (DR), thyroid-associated
ophthalmopathy (TAO), chloroquine retinopathy, and glau-
coma [52]; however, there are comparatively less reports
explaining the autophagy-related mechanisms in the lens.

6.2. Autophagy in the Lens. As we mentioned before, during
normal aging, the lens losses its clarity and its refractive
power diminishes. During maturation of the lens, proteosta-
sis, degradation of the organelles, and nucleic acids produce
the organelle free zone (OFZ), contributing to lens transpar-
ency. The abnormal growth of lens epithelial cells (LECs)
towards the nucleus forms senile cataracts and is a normal
process in aging.

Autophagy in the lens normally occurs as a physiologic
process to eliminate cytoplasmic components and nucleic
acids, indicative of a normal expression of LC3 protein [53,
54]. All the autophagy-related genes and proteins are present
in the lens. Some of them, like FYCO1 gene, are involved in
lens development and differentiation; also, mutations in
FYCO1 gene relate to the development of congenital cata-
racts [55, 56]. Loss of FYCO1’s homeostatic function disrupts
the fusion of lysosomes to autophagosomes, resulting in the
accumulation of LC3-II vesicles and thus affecting mitophagy
[48, 57]. Recently, mitophagy [50] has been extensively
studied, but the mechanisms related to nucleophagy and
the way they participate in lens transparency with aging have
not been fully described [55, 57]. Alterations in some
autophagy-related proteins such as Atg5 and Vsp34 are
involved in autophagy failure that induces defective lens
development, promoting formation of congenital cataracts.
However, as we have discussed, there is not enough evidence
in the literature to explain thoroughly the autophagic process
in lens aging [57].

6.3. Autophagy Induction as a Treatment for Anterior
Segment Pathologies. A wide variety of molecules can induce
autophagy to eliminate accumulated proteins from different
cells in the anterior segment. Among autophagy inducers,
we find trehalose, metformin, and rapamycin. Trehalose is
a disaccharide of glucose (a natural disaccharide that blocks
glucose transporters) which “rescues” different products
accumulated in corneal endothelium and retina [58]. Several
organisms produce it under stress conditions, but it is not a
naturally occurring substance in mammals. Specifically in
cornea, this sugar suppresses inflammation and neovascular-
ization [58, 59]. In dry eye disease, it helps to decrease cell
death as well as inflammation [59]. The literature shows that

trehalose prevents neurodegenerative disorders by promot-
ing autophagy, thus reducing the presence of toxic proteins
or peptides [59, 60]. Besides, it is not toxic and it can be safely
administered in humans [51, 53, 54], like the marketed
trehalose eye drops used to preserve viability and function
of corneal epithelial cells during desiccation [56, 61]. How-
ever, its role in autophagic activation related to anterior
segment diseases has not been completely studied.

7. Conclusions

Changes in the anterior segment of the eye are responsible for
half of the four most common causes of age-related vision
impairing diseases (glaucoma, cataracts, age-related macular
degeneration, and diabetic retinopathy). The burden of these
ocular diseases will not only affect developed countries but
also developing regions with limited resources. The struc-
tural and molecular changes observed in the anterior eye seg-
ment are caused by molecular changes in intercellular
unions, structural arrangements of collagen fibers, overex-
pression of degradation enzymes, underexpression of inhibi-
tors of metalloproteases in tissues, UV light absorbed that
produces ROS, inflammatory cytokines and molecules (such
as TGF beta), and dysregulation of autophagy, among others.
As the global population ages, diseases related to cell and
tissue senescence are becoming more prevalent, so it is
important to be familiar with these changes in order to tackle
their consequences as best as possible.
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Purpose. To develop an objective refraction formula based on the ocular wavefront error (WFE) expressed in terms of Zernike
coefficients and pupil radius, which would be an accurate predictor of subjective spherical equivalent (SE) for different pupil
sizes. Methods. A sphere is fitted to the ocular wavefront at the center and at a variable distance, t. The optimal fitting
distance, topt, is obtained empirically from a dataset of 308 eyes as a function of objective refraction pupil radius, r0, and
used to define the formula of a new wavefront refraction metric (MTR). The metric is tested in another, independent
dataset of 200 eyes. Results. For pupil radii r0 ≤ 2mm, the new metric predicts the equivalent sphere with similar accuracy
(<0.1D), however, for r0 > 2mm, the mean error of traditional metrics can increase beyond 0.25D, and the MTR remains
accurate. The proposed metric allows clinicians to obtain an accurate clinical spherical equivalent value without rescaling/
refitting of the wavefront coefficients. It has the potential to be developed into a metric which will be able to predict full
spherocylindrical refraction for the desired illumination conditions and corresponding pupil size.

1. Introduction

Objective wavefront refraction is a computational tech-
nique which can be used to obtain a spherocylindrical
prescription that best corrects the subject’s vision from a
single measurement of ocular wavefront aberrations [1, 2].
The goal is to match the clinical subjective refraction,
which has long been the gold standard in optometric
practice [1–6], in spite of being a lengthy procedure of
relatively poor precision (95% limits of interexaminer
agreement of the spherical equivalent 0.62 to 0.75D
[4–7]—roughly twice the value reported for wavefront
refractions) [4, 7, 8].

In a perfect optical system, a spherical wavefront from
an object point should converge to a single point at the
desired image location, such as the retina of the eye. In
the presence of optical aberrations, however, the wavefront
becomes distorted from its spherical shape which degrades
the quality of the retinal images [7]. The wavefront error

(WFE) is the optical path difference between the aberrated
and the ideal, unaberrated wavefront. Because the WFE is
measured for the whole area of the pupil, wavefront
aberrometers are especially useful for the evaluation of
refractive surgery cases, customized ablations, orthokera-
tology, and similar applications [4, 9, 10]. In daily
optometric practice, however, wavefront refraction with
these devices tends only to be used to estimate a starting
point for subjective refraction [11].

Objective wavefront refraction is based on fitting a
reference wavefront produced by an optimum, spherocy-
lindrical lens to a two-dimensional ocular wavefront aber-
ration function measured for a subject’s eye. As described
by Thibos et al. [7], there are two main categories of
methods (hereafter called “metrics”) of finding such spher-
ocylindrical lens.

The first category, which they refer to as “refraction based
on the principle of equivalent quadratic” is based on fast and
relatively simple computations of Zernike coefficients, which
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are used to describe the wavefront aberration function in the
plane of the pupil. The second category, called “refraction
based on maximizing optical or visual quality” is based on
far more computationally intensive calculations of optical
transfer functions and analyses of images in the plane of
the retina using Fourier or geometrical optics. For instance,
the VSOTF (visual Strehl ratio calculated from the optical
transfer function [7, 12–15]) method can easily take a mod-
ern machine 1000 times longer to compute (e.g., 500ms), as
it involves many intermediate steps, such as calculations of
normal and diffraction-limited pupil functions, their Fourier
transforms, and ratio.

Additionally, the image-plane metrics are no longer
directly tied by means of a mathematical formula to basic
ocular aberrations, such as defocus, astigmatism, or SA,
which are fundamental at the time of prescribing a refraction
correction. All these methods from both categories have
been widely used to predict subjective refraction not only in
normal eyes studies [12–15] but also in peripheral refraction
studies [16, 17], in eyes that have undergone refractive
surgery [18], contact lenses [19], and even to study the
accommodation response [20–22], among many others.

Although the continued development of aberrometers
has made wavefront refraction a fast procedure with even
better repeatability and precision [1, 4, 7], the accuracy of
the technique is still a problem without a simple solution.
Thibos (Indiana University) illustrated this by saying “We
are aiming a gun (objective refraction) that does not shoot
straight at a moving target (subjective refraction).” The
“gun” does not shoot straight because objective refraction
depends on the metric that is used to obtain it from the
WFE, and these are known to suffer from bias [7]. On
the other hand, the “target” is moving because subjective
refraction changes with pupil size, especially in the presence
of spherical aberration (SA), and depends on the level of
illumination during measurement [23, 24]. Consequently,
the spherocylindrical correction obtained via subjective
refraction in clinical conditions does not exactly correspond
to the best correction obtained using an aberrometer under
different conditions (target size, illumination, cycloplegia,
and so forth).

The purposes of the present study were to develop an
objective refraction metric based on Zernike coefficients
and pupil radius, which would be an accurate predictor
of clinical, subjective refraction, and to address the vari-
ability between subjective and objective wavefront refrac-
tion. We propose a relatively simple pupil-plane formula
of a metric that can provide a clinician with an accurate
refraction value for a known pupil radius that the subject
will typically have. Image-plane metrics were not consi-
dered in the present study, which does not in any way
deny their huge usefulness in fundamental research, image
processing, and other applications. In addition, given that
the equivalent sphere is, in most cases, the most important
value in the refraction, the study is limited for the sake of
simplicity to the prediction of the SE. At the end of the
Introduction section, formulas to extend the methodology
and to apply it to the whole spherocylindrical refraction
are provided ((14) and (15)).

2. Methods

2.1. Overview of the Datasets. The database of eyes of the
present study is an amalgamation of wavefront and subjec-
tive refraction data from 4 independent, previously published
datasets; the summary of which is presented in Table 1. All
subjects were free of any kind of ocular disease and have
never had refractive surgery. The data consisted of pupil
diameters, signed Zernike coefficients through the fifth or
sixth order, and subjective refraction data (sphere, axis, and
cylinder) for each individual eye. Subjective refractions were
in all cases performed manually, starting from autorefrac-
tion, using the standard optometric protocol of maximum
plus, to the best visual acuity.

Out of the whole database of 2560 eyes collected by
Salmon and van de Pol [25], only the A dataset was
included because it contained subjective refraction data
compatible with the present study. The eyes were not
dilated, and the subjective refraction pupil radius was not
known. In case of the H dataset, the eyes were dilated with
1% tropicamide, and the subjective refractions were per-
formed at the same pupil size as the wavefront measure-
ments. In case of the M dataset, the eyes were not
dilated and the subjective refraction pupil radius was not
known. Six eyes out of 180 had to be excluded from the
original dataset, because an in-depth data analysis revealed
that the subjects did not perform the accommodation task
of the original study correctly. Together, the three datasets
formed the AHM dataset of 308 eyes, which was used to
develop the objective refraction metric proposed by the
present study.

The IND dataset of 200 eyes was used to indepen-
dently validate the results because the methodology to
obtain the data was distinct. After performing initial subjec-
tive refractions, accommodation was paralyzed with 0.5%
cyclopentolate. The eyes were then optimally corrected for
astigmatism, and their hyperfocal points were conjugated
with the retina with trial lenses. This correction was worn
by the subjects during the subsequent aberrometry. This
experimental design emphasized the effects of higher-order
aberrations by minimizing the presence of uncorrected
second-order aberrations.

The effects of longitudinal chromatic aberration between
the wavelength of the infrared measurement beam and visi-
ble light, depth of diffuse reflection of infrared light in the
choroid [27], and any other internal offsets of the apparatus
were taken into account in the data.

2.2. Traditional Pupil-Plane Metrics of Objective Wavefront
Refraction. The two metrics most widely used in practice,
which belong to the category of wavefront refraction based
on the principle of equivalent quadratic, are paraxial curva-
ture matching at the pupil center (paraxial or Seidel refrac-
tion) and paraboloid least squares fitting over the full pupil
area (minimum RMS or Zernike refraction) [7]. In both
cases, the equivalent sphere is computed from Zernike coef-
ficients Cm

n and pupil radius r0. Aberrometers typically
express the wavefront as an expansion of coefficients up to
the sixth order [28].
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Zernike refraction (hereafter called the “minRMS
metric,” with equivalent sphere MminRMS) takes into account
the Zernike higher-order aberrations (HOA). For this metric,
the equivalent sphere is computed as follows:

MminRMS =
−4 3C0

2
r20

, 1

where C0
2 is the Zernike defocus coefficient and r0 is the actual

pupil radius.
The minRMS metric fits a paraboloid of revolution to the

measured ocular wavefront in such a way that the root mean
square error between the two is minimized for the whole area
of the pupil. It was found to exhibit a systematic, myopic bias
of roughly 0.4D [7] and becomes more myopic in the pres-
ence of large values of SA [29, 30].

Paraxial refraction (hereafter called the “paraxial metric,”
with equivalent sphere Mparaxial) takes into account only the
curvature of the wavefront at the pupil center. It is not
affected by SA because it does not take into account the
peripheral rays. There is evidence, however, that for large
pupils, high-contrast objects (as is the case in night vision),
and in presence of fourth-order SA, the refractive error
may become negative as the eye becomes more myopic
[31]. In this case, the paraxial metric yields a hyperopic pre-
diction of subjective refraction.

Mparaxial =
−4 3C0

2 + 12 5C0
4 − 24 7C0

6
r20

, 2

where C0
4 and C

0
6 are, respectively, the fourth- and sixth-order

Zernike spherical aberration coefficients, which contribute
to the central curvature of the wavefront because they
are balanced [32]. This gives rise to a difference of the
values of equivalent spheres predicted by both metrics
when SA is present in the eye.

In the absence of higher-order aberrations, minRMS and
paraxial refractions are identical [13]. Both metrics give pre-
dictions of equivalent spheres that match for small pupils,
and Campbell [6] reported their excellent agreement with
subjective refractions for 4mm pupils. Both metrics can be
expressed by a more general formula in (3). For example,
the minRMS equivalent sphere formula from (1) can be
obtained from it when n = 1.

Mparaxial =
2
r20

〠
∞

n=1
−1 n n + 1

n − 1
2n + 1C0

2n, 3

where C0
2n is the radially symmetrical Zernike coefficients

of the wavefront, r0 is the actual pupil radius, and n is the
Zernike order.

In the case of aberrated eyes, Thibos et al. [7] suggest that
the clinical subjective refraction should lie somewhere
between the paraxial and minRMS refractions, which is in
agreement with other reports [14, 15].

2.3. Analytical Derivation of the New Objective Wavefront
Refraction Metric. To compute an equivalent sphere from a
two-dimensional wavefront aberration function, it is first
expressed in terms of Zernike polynomials [28].

W r = 〠
∞

n=0
C0
2nZ

0
2n

r
r0

, 4

where C0
2n is the Zernike coefficients of the wavefront,

ρ = r/r0 is the normalized distance from the origin in the
pupil plane, r0 is the actual pupil radius, and r ∈ −r0, r0 .
Zm
2n is a radially symmetric basis functions.

Z0
2 ρ = 3 2ρ2 − 1 ,

Z0
4 ρ = 5 6ρ4 − 6ρ2 + 1 ,

Z0
6 ρ = 7 20ρ6 − 30ρ4 + 12ρ2 − 1 ,…

5

For the sake of simplicity, the present study is focused on
finding the equivalent sphere, the derivation is limited to
terms with radial symmetry (m= 0, and n is even), and the
coefficients are truncated after the sixth order [32, 33].

The equivalent sphere is found by approximating
the wavefront in (4) by a sphere of radius R, centered at
(R, 0, 0).

S r =W 0 + R − R2 − r2 =W 0 +
r2

R + R2 − r2
6

The equivalent sphere, M = −1/R, is expressed as a func-
tion of both the Zernike coefficients and the pupil radius r0.
One simple way to approximate the wavefront by a sphere
is to make them coincide in three prescribed points (nodes):
the origin and the two points symmetrical with respect to the
origin, located within the interval [−r0, r0].

The position of the nodes can be written as −r0t, 0,
and +r0t, where t ∈ 0, 1 is a parameter that controls the
distance from the origin, at which the wavefront is
“matched,” or interpolated. Seeking an explicit expression

Table 1: Summary of datasets of eyes included in the study.

Dataset Number of eyes OD/OS (total) Mean age Cycloplegia Pupil diameter Aberrometer

Army [25] (A) 47/47(94) 29.9± 7.6 No 5.0mm COAS

Houston [26] (H) 20/20(40) 26.4± 7.7 Tropicamide 1% 7.4± 0.5mm COAS

Murcia [20] (M) 87/87(174) 35.0± 12.4 No 5.5± 0.9mm irx3

(AHM) 154 subjects, 308 eyes

Indiana [7] (IND) 100/100(200) 26.1± 5.6 Cyclopentolate 0.5%
>7.5mm (140 eyes)
>6.0mm (60 eyes)

Custom
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for M, both equations (W and S) are replaced by their
corresponding second-order interpolating polynomials,
matching both the wavefront and the fitted sphere at each
of the three nodes.

The polynomial interpolating S at the three nodes is
formed by substituting r with r0t.

Ŝ r =W 0 +
r2

R + R2 − r20t
2

7

Both S r and its interpolating polynomial S r take the
same values at 0 and ±r0t.

Similarly, the polynomial interpolating W at the three
nodes is

Ŵ r =W 0 +
2Δ t

r20
r2, 8

where

Δ t ≔ 3C0
2 + 3 5C0

4 t2 − 1 + 7C0
6 10t4 − 15t2 + 6

9

Well-known formulas for the Lagrange interpolation can
be used to calculate Ŵ r ; however, it is easier to verify the
expression in (9) by taking into account that bothW r trun-
cated after the sixth order and its interpolating polynomial
W r take the same values at 0 and ±r0t.

As the last step or the derivation, S and W are equated
and solved for R.

R t = t2Δ t +
r20

4Δ t
≈

r20
4Δ t

10

The term t2Δ t can be dropped in case of a human eye,
as it is much smaller than the term following it, because r0 is
several millimeters and Δ(t) is of an order of microns.

Finally, the formula for the spherical equivalent M is
as follows:

M t =
−1
R

t =
−4Δ t

r20

=
−4 3C0

2 − 12 5C0
4 t2 − 1 − 4 7C0

6 10t4 − 15t2 + 6
r20

11

This formula defines a one-parameter family of spherical
equivalents: the parameter t controls the position of the
nodes at which the equivalent sphere matches the wavefront
aberration function (Figure 1), and so, the previously
described minRMS and paraxial metrics can be obtained
from (11), depending on the value of t.

(a) When t = 0, the sphere is fit at the center of the wave-
front, and (11) becomes identical to (2) (paraxial
metric).

(b) When t = 1, the sphere is fit to the center and
extremes of the wavefront (Figure 1) and (11) corre-
sponds approximately to (1) (minRMS metric).

M 1 =
−4 3C0

2 − 4 7C0
6

r20
≈
−4 3C0

2
r20

12

The approximation by means of dropping the
last term is justified by the fact that sixth-order
SA is usually very low in human eyes [33]. This
approximation is shown in Figure 1 and validated
experimentally later (Figure 2).

(c) When an intermediate value is used, for instance
t = 3/2, (11) becomes

M
3
2

=
−4 3C0

2 + 3 5C0
4 + 36 7C0

6
r20

13

In this case, the nodes − 3/2, 0, and + 3/2 corre-
spond to the zeros of the cubic Chebyshev polynomial
of the second kind, which are known to provide a
quasi-optimal set of interpolation nodes [34].

Figure 1 shows the example profiles of spherical and
paraboloid fits to a radially symmetrical wavefront, described
by (4). All of the profiles have been fixed to coincide at the
apex of the wavefront.

The paraxial fit (t = 0) matches the wavefront well at the
pupil center but does not take into account the shape of the
wavefront for intermediate and peripheral areas of the pupil.
On the other hand, the minRMS fit (t = 1) matches the wave-
front well at the edge of the pupil but not at intermediate
areas. The Chebyshev fit (t = 3/2) matches the wavefront
at a predefined, intermediate distance from the center of
the pupil.

Given a wavefront described by a set of Zernike coeffi-
cients C0

2, C
0
4, and C0

6 for a given r0, (11) can be used to find
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Figure 1: Example profiles of spherical and paraboloid fits (dashed
blue line: minRMS; red line: t = 0; blue line: t = 1; orange line: t =
3/2) to radially symmetrical wavefront (represented by the black

dotted line, where C0
2 = 0 220 μm, C0

4 = 0 050μm, C0
6 = 0 0025μm,

and r0 = 3mm).
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the optimal value topt, such that M(topt) best approximates
the Msubjective. In the present study, this approach is applied
to a large database of objective and subjective refractions of
real subjects.

The same methodology that was used to analytically
derive the equivalent sphere M can be extended to take into
account the whole spherocylindrical refraction by using
power vectors [35]. Because of their orthogonality, the
derivation can be performed for two orthogonal directions,
corresponding to the higher and lower curvatures of the
wavefront. The values of J0 and J45 can be obtained in a
similar way asM in (11), by taking into account the constant
coefficients that multiply ρ2 cos θ and ρ2 sin θ within each
Zernike polynomial.

J0 t =
−2 6C2

2 − 6 10C2
4 t2 − 1 − 2 14C2

6 10t4 − 15t2 + 6
r20

14

J45 t =
−2 6C−2

2 − 6 10C−2
4 t2 − 1 − 2 14C−2

6 10t4 − 15t2 + 6
r20

15

The complete spherocylindrical refraction can be
obtained using (11), together with (14) and (15), as described
by Thibos et al. [35] (see Equation 23 hither).

2.4. Numerical Definition of the New Objective Wavefront
Refraction Metric. In the previous section, the analytical rela-
tionship between a fitted equivalent sphereM(topt) that opti-
mally approximates Msubjective was established. In order to

find the relationship between the parameter topt and objective
refraction pupil radius r0 (while subjective refraction pupil
radius is unknown), the following data processing methodol-
ogy was applied to the AHM dataset of 308 eyes:

(a) For each value of pupil radius r0 from 1.0mm to
3.8mm (increment of 0.1mm) and each value of
parameter t from 0 to 1 (increment of 0.05), (11)
was applied to the Zernike coefficients of every eye
to obtain equivalent sphere values.

(b) The difference between subjective and objective
refraction (hereafter called subjective minus objective
error (SOE)) was calculated for each eye and the
combination of r0 and t.

(c) For each value of r0, the mean absolute SOE for all
eyes was calculated, and the value of parameter t that
minimized that mean was selected as topt for that
pupil radius.

In order to obtain the Zernike coefficients corresponding
to each pupil radius in step (a), rescaling [36, 37] was per-
formed from larger to smaller pupil radii [38]. Figure 3
presents the change of topt in function of objective refraction
pupil radius r0 and a segmented fit to the data.

Figure 3 illustrates that for pupils that were small during
aberrometry, topt approaches 1 (minRMS metric), while for
large pupils, it decreases, and the slope becomes less negative
as the pupil gets larger. A segmented fit to the discrete values
of the function topt(r0) was performed, and finally, the MTR
metric in (17) was obtained.

MTR =
−4 3C0

2 − 12 5C0
4 t2 − 1 − 4 7C0

6 10t4 − 15t2 + 6
r20

,

16
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Figure 2: Mean SOE in function of the pupil radius for all 308
subjects of the AHM dataset, and for t = 0, 1, 3/2, t(r), and
additionally, the minRMS metric. The error bars represent +1 SEM.
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topt r0 =
1, r0 < 2
2
r0
, r0 ≥ 2

, 17

which gives the result in diopters when C0
2, C

0
4, and C0

6
are expressed in microns and the pupil radius, r0, is in
millimeters.

As described in Section 2.2, the traditional minRMS and
paraxial metrics can be obtained from (11), by using fixed
values of t = 0 and t = 1, respectively. The special case where
the parameter t is a function of r0, is hereafter referred to as
M t r or, for short, the MTR metric. When the plural form
“MTR metrics” is used, the whole family of metrics, where t
can be either a discrete value or a function of the pupil radius,
is being referred to.

3. Results

Figure 4 presents the accuracy of the prediction of subjective
refraction in the AHM dataset for different values of
parameter t in form of Bland-Altman plots [39], where the
difference between the subjective and objective refraction is

plotted in the function of their mean value. Data for
the minRMS metric is not shown because the results are
practically identical (Figures 1 and 2) to those obtained
with theM t = 1 metric.No rescaling of Zernike coefficients
to a common value of the pupil radius was performed.
Each data point represents the SOE value of a corresponding
eye, calculated from the Zernike coefficients of the natural
pupil radius.

Figure 2 shows the mean SOE as a function of the
pupil radius for all 308 subjects of the AHM dataset, for
t = 0, 1, and 3/2, topt = f r0 , and additionally, the classic
minRMS metric.

Finally, in order to validate the results using an indepen-
dent dataset, Figure 5 shows the mean SOE values calculated
using the four MTRs for t = 0, 3/2, and 1 and topt = f r0 in
the IND dataset of 100 left and 100 right eyes (Table 1). This
dataset is called independent because it has not been included
in the numerical definition of the MTR metric described
in Section 2.1.

As described in Section 2.1, the eyes in the IND dataset
were paralyzed using 0.5% cyclopentolate, and optimally
corrected for astigmatism. Their hyperfocal points were
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Figure 4: Bland-Altman plots [39] illustrating the accuracy of the prediction of subjective refraction in the AHM dataset for different values
of parameter t. The data was obtained from WFE without any rescaling of the pupil radii to a common value.
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conjugated with the retina with trial lenses. Consequentially
the values ofMsubjective were 0D for this dataset, and the mean
SOE in Figure 5 represents the objective spherical equivalent
values with the opposite sign. Even though the 100 left and
100 right eyes in the IND dataset cannot be treated as 200
independent eyes, there were no significant differences
between the results obtained with the 4 metrics when
they were applied to the subsets of 100 left and 100 right
eyes separately.

4. Discussion

The present study presents an analytical derivation of a new,
general formula (11) for the calculation of the spherical
equivalent from the WFE. The formula includes the paraxial
metric and a close approximation of the minRMS metric (12)
as particular cases, where the value of the parameter t is a
scalar number (0 and 1, resp.). Additionally, a relation
between the optimum value of the parameter t and the
objective refraction pupil radius r0 is presented as the
function topt r0 ((17), illustrated in Figure 3). This function
was obtained empirically from subjective refraction data
from 308 eyes, measured following standard clinical proto-
cols and under standard illumination conditions.

The Bland-Altman plots in Figure 4 show that for
natural pupil radii (without rescaling the WFE), the mean
difference between the values of subjective and objective
refraction was the smallest for the MTR metric, although
not by a large margin.

Figure 2 presents the mean intersubject SOE in the
function of the pupil radius, which was obtained by rescaling
[36, 37] the WFE before calculating the metrics. For small
pupil radii (up to 2mm), the HOA are small and do not
noticeably affect the objective refraction, so that all of the
metrics give similar results. For example, for r0 = 1mm, the
difference between predictions of subjective refraction
between the minRMS and paraxial metrics is merely 0.05D.
For pupil radii up to 2mm, the minRMS metric predicts sub-
jective refraction slightly better than the paraxial metric. For
such small pupils, the absolute SOE is similar for both the

minRMS and paraxial metrics, and both predict subjective
refraction better than the clinical precision of 0.25D.

Furthermore, Figure 2 indicates that rescaling the wave-
front to correspond to the radius of 1.5mm and applying
the minRMS metric can be very successfully used to calculate
refraction. This result is in agreement with results obtained
by others [6, 26, 40] who found that Zernike refraction is a
good predictor of subjective refraction when SA is low.
Indeed, (17) indicates that topt ⋅ r0 = 2 for r0≥ 2mm and the
MTR metric corresponds to a sphere fitted to the wavefront
at 0 and ±2mm. This means that it predicts a similar equiv-
alent sphere as the one obtained by the minRMS metric to a
wavefront rescaled to correspond to a pupil radius of 2mm
[6]. In this case, the SOE calculated for the IND dataset was
0.06± 0.03D, which is practically the same as the mean SOE
for the MTR metric without rescaling. In Figure 5, it can be
seen that its mean SOE indeed does not exceed 0.1D, even
for a large pupil radii of 3.75mm.

It is important to note, however, that the SOE of the
paraxial metric M(t = 0) remains constant at −0.1D for
pupil radii from 1mm to 2.5mm. This possibly reveals an
empirical calibration offset favoring the minRMS metric in
aberrometer devices and demonstrates that the calibration
of the apparatus used to obtain the WFE data can play a very
important role in the determination of the function topt r0 ,
shown in Figure 3.

For large pupil radii, the refraction calculated using the
paraxial metric M(t = 0) is not expected to change with pupil
radius (as it is based on paraxial curvature matching to the
pupil center), and its increase in the hyperopic direction for
r0≥ 2mm indicates that subjective spherical equivalent
slightly changes with the pupil radius. We found this change
to be very small (~0.1D), and it should not affect vision in any
way. Charman et al. [41] found a similar effect of the decrease
of refraction with pupil size, but it was so small that they con-
cluded that refraction practically did not change. This may
explain why paraxial refraction usually gives results in good
agreement with subjective refraction for large pupil radii
[7, 15]. Within the same range of r0, the M t = 1 metric
suffers from a myopic increase of SOE. This trend can be

1.50 2.50 3.25 3.75
Pupil radius (mm)

0.1

‒0.0

0.1

0.2

0.3

M
ea

n 
SO

E 
(D

)

M(0)
M(1)
M(

M(t(r))
3/2)

Figure 5: Application of the four MTR metrics to an independent IND dataset (Indiana in Table 1). The error bars represent ±1 SEM.
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predicted from (12), by taking into account that C0
4 and C0

6
spherical aberration coefficients increase their values expo-
nentially with pupil radius and their average values are posi-
tive in the AHM database, which is usually the case for
normal eyes [30]. For pupil radii over 2mm, there are clear
differences in the predictions of subjective refraction depend-
ing on the value of t. In particular, for r > 3 5mm, the differ-
ence can be more than 0.5D, which is clinically significant.

5. Conclusions

The present study indicates that for pupil radii less than
2mm, all of the wavefront refraction metrics are similarly
accurate in predicting the equivalent sphere (mean
SOE< 0.1D). For large pupil radii, however, the mean
absolute SOE can increase beyond 0.25D for traditional
metrics, which is clinically significant. This is caused by two
factors. First, the effects of SA for large pupil radii cause the
minRMS objective refraction to become significantly too
myopic. Secondly, subjective refraction increases slightly in
the myopic direction for large pupil radii, which increases
the SOE for paraxial objective refraction in the hyperopic
direction (Figure 2).

The new MTR objective wavefront refraction metric
(16-17) is designed to depend on the objective refraction
pupil radius, applying more or less weight to the SA
coefficients in the function of r0.

The benefit of this methodology lies in the fact that the
MTR metric allows clinicians to obtain an accurate clinical
spherical equivalent value without rescaling/refitting of the
wavefront coefficients. It has the potential to be developed
into a metric which will be able to predict full spherocylind-
rical refraction for the desired illumination conditions and
corresponding pupil size. Several formulas can be applied to
determine the pupil size from illumination, subject’s age,
and type of task to be performed [42].
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Purpose. To report the distribution of iris conicity (steepness of the iris cone), investigate associated factors, and test whether
pseudophakia allows the iris to sink back. Methods. A population-based cross-sectional study was carried out. Ophthalmological
examination including objective refraction, biometry, noncontact tonometry, and Scheimpflug imaging (Pentacam®, Oculus) was
performed including automated measurement of iris conicity. 3708 phakic subjects, 144 subjects with bilateral and 39 subjects
with unilateral pseudophakia were included. Multivariable analyses were carried out to determine independently associated
systemic and ocular factors for iris conicity in phakic eyes. Results. Mean iris conicity was 8.28° ± 3.29° (right eyes). Statistical
analysis revealed associations between steeper iris conicity and shallower anterior chamber depth, thicker human lens and
higher corneal power in multivariable analysis, while older age was related to a flatter iris conicity. Refraction, axial length,
central corneal thickness, pupil diameter, and intraocular pressure were not associated with iris conicity. Pseudophakia resulted
in a 5.82° flatter iris conicity than in the fellow phakic eyes. Conclusions. Associations indicate a correlation between iris conicity
with risk factors for angle-closure, namely, shallower anterior chamber depth and thicker human lens. In pseudophakic eyes, iris
conicity is significantly lower, indicating that cataract surgery flattens the iris.

1. Introduction

Early in the history of glaucomatology, the geometry of the iris
has been identified as an important factor for the understand-
ing of aqueous humor outflow pathology, namely, for the risk
of angle-closure glaucoma [1] and for the development of
pigment-dispersion syndrome [2].

For almost a century, the analysis of the iris structure was
restricted to examination by slit-lamp examination and
gonioscopy. With the development of ultrasound biomicro-
scopy, quantitative examination of the anterior segment
and the iris profile became possible [3, 4]. Scheimpflug imag-
ing and anterior-segment optical coherence tomography
(AS-OCT) enable the quantitative assessment of the anterior
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segment, and the iris geometry acquired by noncontact
examination [5, 6].

The traditional mode of thinking as trained in en face
gonioscopic observation of the chamber angle was trans-
ferred into the quantitative assessment of the chamber angle
revealing at the same time the restrictions of such analysis by
demonstrating that the chamber angle is not a geometrically
well-defined entity but rather a steeply curved surface. Our
study would like to open a larger view making full use of
anterior segment cross-sectional imaging modalities by
introducing iris conicity as a novel term into the discussion
of the anatomical architecture.

The geometry of the iris is important in several ante-
rior segment pathologies: convex iris configuration is
reported in patients with primary angle-closure, is linked
to age, and is inversely to anterior chamber depth [7].
On the other hand, concave iris configuration is reported
in patients with pigment dispersion syndrome and is
investigated with different techniques, such as AS-OCT
or ultrasound biomicroscopy [8–10].

The purpose of this study is to test the potential of
Scheimpflug imaging for the assessment of the iris position
in the anterior chamber (iris conicity) within an epidemio-
logical study, but not to analyze the shape of the iris (i.e., iris
convexity). The relationship between Scheimpflug imaging of
the iris position and anthropometric parameters, as well as
parameters of the anterior segment, is analyzed. Our hypoth-
esis is that hyperopia is linked to a steeper conicity of the
entire iris, while pseudophakia allows the iris to sink back
from the cornea. The rationale behind this hypothesis is that
patients with acute angle-closure are more likely to by hyper-
opic and a shallower anterior chamber angle might be linked
to a steeper iris cone. The idea behind the “pseudophakia-
hypothesis” was a recent finding by the EAGLE study [11].
This study showed that clear lens extraction is able to treat
angle-closure comparable or even better than standard treat-
ment with laser iridotomy. In addition, Siak et al. [12]
reported an opening of the anterior chamber angle after
cataract surgery. Therefore, one can assume that the iris sinks
back by cataract surgery.

2. Materials and Methods

The Gutenberg Health Study (GHS) is a population-based,
prospective, observational cohort study conducted in the
Rhine-Main region in Midwestern Germany.

This study was approved by the ethics committee
(Ethics Commission of the State Chamber of Physicians of
Rhineland-Palatinate). According to the tenets of the Decla-
ration of Helsinki, written informed consent was obtained
from all participants prior to entering the study. The GHS
is a joint project of internal medicine, ophthalmology,
clinical chemistry, psychosomatic medicine, and epidemiol-
ogy at the Johannes Gutenberg-University Mainz, Germany.

2.1. Study Sample. This study sample was recruited from the
five-year follow-up of the GHS cohort including subjects
with an age of 40 to 80 years at the time of examination.
For the 5-year re-examination, Scheimpflug imaging was

added. We included the first third of the total study popula-
tion in this analysis; this study proportion was designed to
be the representative for the region of Mainz/Mainz-Bingen
at baseline examination.

We included 6138 eyes of 3708 phakic subjects (48.4%
women) with a mean age of 58.7± 10.4 years (range 40 to
80 years) having data on Scheimpflug imaging. A detailed
description of the systemic and ocular characteristics of the
study population is shown in Table 1. Participants who only
had cataract surgery in the past were included in the pseudo-
phakic study group.

2.2. Exclusion Criteria. Participants with previous ocular
surgery including cataract surgery were excluded from the
general distribution and association analysis. Subjects with
an exclusive history of cataract surgery were included in the
pseudophakia study group.

2.3. Examinations. For each participant, a comprehensive
ophthalmological work-up was performed including ante-
rior segment Scheimpflug imaging (Pentacam HR, Oculus,
Wetzlar, Germany) under mesopic light conditions and
analysis of iris position. In addition, objective refraction
(Humphrey Automated Refractor/Keratometer (HARK)
599, Carl Zeiss Meditec AG, Jena, Germany), and biometry
(LenstarLS900,Haag-StreitDiagnostics,Koeniz, Switzerland)
were performed. One scan was performed per eye with each
of these devices always starting with the right eye. Noncon-
tact tonometry (Nidek NT-2000, Nidek Co., Japan) was
carried out also starting with the right eye. The mean of
three measurements within a 3mmHg range was obtained
for each eye. Examinations were performed by experienced
study nurses in accordance with standardized operation
procedures. More details of the ophthalmological study
design were described by Hohn et al. [13].

Age was calculated as the difference between date of
birth and date of examination. Date of birth, sex, and smok-
ing habits were surveyed in a computer-assisted personal
interview. Body height and body weight measures were
performed with calibrated digital scales (Seca 862, Seca,
Hamburg, Germany) and a measuring stick (Seca 220, Seca,
Hamburg, Germany).

2.4. Data and Statistical Analysis. The Pentacam Scheimpflug
imaging device comes with a software tool (Pentacam,
v1.20r41, Oculus, Wetzlar, Germany) to measure a parame-
ter termed “iris convexity”: This is programmed to draw a
straight line across the anterior profile of the iris in a way
to reach equal areas under the curve above and behind this
level. The crossing angle alpha of the lines of the opposite iris
profiles is divided by two to reach a figure which is meant to
describe “iris convexity” (Oculus, Wetzlar, Germany, per-
sonal communication). From a geometrical point of view,
this describes the conicity of the iris, that is, the mean circular
slope of the iris against the connecting line between the
opposed chamber angles, which is mathematically the slant
angle of a truncated cone (Figure 1). This means that a low
value describes a gently inclined cone, while a high value
represents a steep cone. We decided to use the term conicity
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as it is more apt to describe the architecture of the anterior
segment, while convexity by definition describes the curva-
ture of a surface. This parameter is calculated as mean value
of the Scheimpflug images.

Only Scheimpflug imageswith high quality were included,
and all Scheimpflug measurements with a low value in the
Pentacam quality score were excluded. A plausibility check
was performed for all extreme values (“iris convexity”<−10°

and “iris convexity”> 15°). Additionally, centration of the
Scheimpflug imaging on the central cornea and opening of
the eyelids were checked. Pupil size was measured simulta-
neously with Scheimpflug imaging. Central corneal thickness,
corneal power, anterior chamber depth, lens thickness, and
axial length were measured with Lenstar LS900 (Haag-Streit
Diagnostics, Koeniz, Switzerland). Refraction (Humphrey
Automated Refractor/Keratometer (HARK) 599, Carl Zeiss
Meditec AG, Jena, Germany) was included as spherical
equivalent in the analysis.

Data were processed by statistical analysis software
(R version 3.3.1 [June 21, 2016]). Medians and interquartile
ranges were calculated for all variables. For variables found
to be nearly normally distributed, means and standard
deviations were computed. Pearson’s correlation coefficients
were computed comparing right to left eyes with all primary
and secondary variables.

Distribution of the iris conicity was evaluated using
histograms. Associated factors were evaluated using linear
regression models with generalized estimating equation
(GEE) with consideration of the correlation structure
between both eyes of the subjects. This model is applied to
estimate the parameters of a generalized linear model.

�훽

Figure 1: Illustration of iris conicity measurement. The iris surface
is approximated by linear slopes (orange line). For illustration
purposes, iris conicity is demonstrated. The opposite anterior
chamber angles are connected by a plane (yellow line). Iris
conicity is defined as the angle beta between these two lines. This
corresponds to Pentacam “iris convexity” measure. Pentacam “iris
convexity” is defined as half of the intersection angle of the linear
slopes through the anterior surface of opposite iris cross-sections.

Table 1: Characteristics of the study sample of the Gutenberg Health Study. Means (standard deviations) and proportions in percentage
(n/N) for dichotomous variables in the total cohort for males and females. CCT: central corneal thickness; IOP: intraocular pressure;
OD: right eyes; OS: left eyes.

Variable All (3708) Men (1913) Women (1795)

Sex (women) 48.4% (1795/3708) 0% (0/1913) 100.0% (1795/1795)

Age (y) 58.7 (10.4) 59.2 (10.4) 58.1 (10.3)

Smoking (yes) 16.4% (605/3680) 16.7% (318/1899) 16.1% (287/1781)

Body mass index (kg/m2) 27.5 (4.8) 27.9 (4.2) 27.0 (5.4)

Height (m) 1.70 (0.09) 1.77 (0.07) 1.64 (0.07)

Weight (kg) 80.0 (16.2) 87.3 (14.2) 72.1 (14.5)

Eyes

Spherical equivalent (dpt) (OD) −0.41 (2.51) −0.44 (2.52) −0.38 (2.49)

Spherical equivalent (dpt) (OS) −0.42 (2.53) −0.46 (2.55) −0.37 (2.52)

CCT (μm) (OD) 549 (35) 553 (35) 546 (35)

CCT (μm) (OS) 550 (35) 552 (35) 547 (35)

IOP (mmHg) (OD) 14.88 (2.93) 14.97 (3.00) 14.78 (2.85)

IOP (mmHg) (OS) 14.99 (2.95) 15.17 (2.98) 14.80 (2.91)

Axial length (mm) (OD) 23.7 (1.2) 24.0 (1.2) 23.4 (1.2)

Axial length (mm) (OS) 23.7 (1.3) 24.0 (1.3) 23.4 (1.2)

Lens thickness (mm) (OD) 4.37 (0.36) 4.38 (0.37) 4.36 (0.35)

Lens thickness (mm) (OS) 4.42 (0.35) 4.44 (0.36) 4.41 (0.34)

Corneal power (dpt) (OD) 44.0 (1.6) 43.6 (1.6) 44.4 (1.5)

Corneal power (dpt) (OS) 44.0 (1.6) 43.6 (1.6) 44.4 (1.5)

Anterior chamber depth (mm) (OD) 2.70 (0.36) 2.75 (0.37) 2.64 (0.34)

Anterior chamber depth (mm) (OS) 2.69 (0.36) 2.74 (0.36) 2.63 (0.35)

Mean pupil diameter (mm) (OD) 2.69 (0.45) 2.63 (0.44) 2.75 (0.46)

Mean pupil diameter (mm) (OS) 2.67 (0.44) 2.61 (0.42) 2.73 (0.45)

Iris conicity

Iris conicity mean (°) (OD) 8.28 (3.29) 8.45 (3.26) 8.09 (3.31)

Iris conicity mean (°) (OS) 8.51 (3.27) 8.65 (3.22) 8.36 (3.32)
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Weperformed a three-step analysis: in the firstmodel, sex,
age, body height, body weight, and smoking status were
included as independent variables to investigate associations
to general anthropometric characteristics. In the second
model, we include general ocular characteristics (intraocular
pressure and spherical equivalent) as well. In the third model,
anthropometric and biometric characteristics of the eye and
intraocularpressurewere included:The independent variables
in this model were sex, age, height, weight, smoking, central
corneal thickness, intraocular pressure, pupil diameter, cor-
neal power of the steepmeridian, anterior chamber depth, lens
thickness, and axial length.Measurement of refractionwasnot
included in this model due to collinearity. Multicollinearity
was investigated by exploring pairwise Pearson’s correlations.

Sensitivity analysis was carried out to determine the effect
of refractive error by including only emmetropic eyes
(sphere: −0 5D ≤ × ≤ 0 5D), myopic eyes (sphere<−0.5D),
and hyperopic eyes (sphere> 0.5D). In addition, the impact
of astigmatism was evaluated with including only subjects
with astigmatism ≤−1.0D and with >−1.0D. In addition,
we included corneal power instead of refraction in the multi-
variable model to evaluate the influence of image projection
of the cornea.

This study was performed as an explorative study to
analyze distribution and associations with iris conicity. All
p values should be regarded as a continuous parameter which
reflect the level of statistical evidence and are therefore
reported exactly.

3. Results

Mean iris conicity was 8.28° ± 3.29° (right eyes) and
8.51° ± 3.27° with a range from −7° to 22° (Figure 2). A nega-
tive iris conicity indicates a positioning of the iris surface
backwards (towards the vitreous cavity).

Comparing right to left eyes, iris conicity was highly
correlated between both sides (p < 0 001), showing a correla-
tion coefficient of 0.83.

Associated factors with the iris conicity were examined
by a generalized estimating equation model and including
only phakic eyes. The first model using sex, age, height,
weight, and smoking status as independent variables showed
sex (p = 0 004) and age (p < 0 001) as associated factors. The
measurement of the conicity revealed a 0.35° (95% confi-
dence interval (CI): −0.59 to −0.11; p = 0 004) lower inclina-
tion in women compared to men. Older subjects had a
slightly flatter inclination. Each decade of age was associated
with a 0.18° smaller iris conicity (per 10 years: beta =−0.18;
95% CI: −0.27 to −0.09; p < 0 001).

The second analysis model including anthropometric
characteristics and general ocular characteristics, namely,
intraocular pressure and refraction (spherical equivalent)
showed the same associated factors as in model number
1 (Table 2), neither refraction nor intraocular pressure
was associated.

The third analysis also included biometrics of the eye. It
revealed that a shallower anterior chamber, higher corneal
power, a thicker human lens, and younger age were associ-
ated with a steeper inclination of the iris (conicity). There
was no common association with body height, body weight,
smoking status, central corneal thickness, axial length, intra-
ocular pressure, and pupil diameter in this multivariable
model (Table 3). Pairwise correlation coefficients were low,
indicating that there is no clear evidence for multicollinearity.

Sensitivity analysis revealed that association of iris conic-
ity with age and lens thickness is independent of refractive
status: comparable associations were found in the myopic,
emmetropic, hyperopic subgroup, as in the subgroup with
high astigmatism (Table 4). Interestingly, axial length was
only associated with iris conicity in emmetropic and
hyperopic eyes, but not in myopic eyes. In contrast, anterior
chamber depth was only associated with iris conicity in the
myopic subgroup, but not in the other subgroups.

Anterior chamber angle was inversely associated with
iris conicity in phakic eyes (Pearson’s correlation coefficient:
r = −0 46, p < 0 001).
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Figure 2: Distribution of iris conicity (“iris convexity,” Pentacam) in the German population: the Gutenberg Health Study. (a) Right eyes.
(b) Left eyes. Density is displayed as the proportion to the total study population (right eyes: 3060; left eyes: 3078).

4 Journal of Ophthalmology



Mean iris conicity was 0.74± 2.52° in right pseudophakic
eyes and 0.77± 2.61° in left pseudophakic eyes. When
comparing right phakic (n = 2914) to right pseudophakic
eyes (n = 135), iris conicity was 7.54° lower in the pseudo-
phakic eyes (p < 0 001). A similar finding was detected in
left eyes: iris conicity was 7.74° lower in pseudophakic left eyes
(n = 144) compared to phakic left eyes (n = 2936; p < 0 001).

When analyzing subjects with one phakic eye and the
fellow eye being pseudophakic (n = 39), iris conicity was
5.82° smaller in the pseudophakic eyes (95% confidence
interval: −7.66°; −3.98°; paired t test: p < 0 001) (Figure 3).
An example is given in Figure 4.

4. Discussion

To the best of our knowledge, this is the first study to quan-
titatively analyze iris conicity in a population-based setting
using Scheimpflug imaging. We found a mean iris conicity
of 8.28° ± 3.29° for right eyes and 8.51° ± 3.27° for left eyes.

When analyzing anthropometric and ocular parameters
(refraction, intraocular pressure), the model showed female
gender and higher age as independent associated factors with
a flatter iris conicity in the multivariable model, showing that
both are related to iris conicity. To our surprise, refraction

was not found to be associated with iris conicity. Corneal cur-
vature was associated with iris conicity: a 10-diopter higher
corneal power was associated with a 0.9° steeper iris inclina-
tion which may, however, not be of clinical relevance.

While several studies investigated anterior chamber angle
width using Scheimpflug imaging, AS-OCT, or ultrasound
biomicroscopy [14–19], little is known about the iris position
in the anterior segment. The anterior chamber angle is
formed by the posterior corneal surface and the peripheral
anterior iris surface and therefore a close association between
a steeper forward inclination of the iris profile and a smaller
anterior chamber angle may appear likely. In agreement with
this consideration, we found an inverse correlation between
anterior chamber angle width and iris conicity.

Bearing this close correlation in mind, findings of our
third analytical model investigating biometric parameters of
the eye seem plausible. Amoremarked forward slope (steeper
iris conicity) was independently associated with a shallower
anterior chamber, higher corneal power, and a thicker crystal-
line lens. Similar findings for a smaller anterior chamber angle
were previously reported by other groups [20, 21]. These
results are similar to observations in patients with angle-
closure glaucoma who tend to have a shallower anterior
chamber and a thicker crystalline lens [22]. While a shallower

Table 3: Associations of iris conicity and anthropometric and ocular characteristics including ocular geometric parameters in the Gutenberg
Health Study. We used a generalized estimating equation model to consider correlations between right and left eyes in our statistical model.
CI: confidence interval.

Iris conicity (°) Beta estimate Lower 95% CI Upper 95% CI p value

Sex (female) −0.32 −0.56 −0.07 0.011

Age (y) −0.07 −0.08 −0.06 <0.001
Height (m) 0.99 −0.40 2.38 0.16

Weight (kg) 0.00 0.00 0.01 0.51

Smoking 0.03 −0.20 0.26 0.79

Intraocular pressure (mmH) −0.03 −0.07 0.00 0.052

Corneal power (dpt) 0.09 0.03 0.16 0.003

Anterior chamber depth (mm) −0.71 −1.05 −0.37 <0.001
Central corneal thickness (μm) 0.00 0.00 0.00 0.53

Lens thickness (mm) 2.77 2.43 3.10 <0.001
Axial length (mm) −0.05 −0.15 0.04 0.26

Mean pupil diameter (μm) −0.10 −0.31 0.11 0.34

Table 2: Associations of iris conicity and anthropometric characteristics and intraocular pressure (IOP) and refraction in theGutenbergHealth
Study using a generalized estimating equation model to incorporate correlations between right and left eyes. CI: confidence interval.

Iris conicity (°) Beta estimate Lower 95% CI Upper 95% CI p value

Sex (female) −0.36 −0.61 −0.11 0.005

Age (y) −0.02 −0.02 −0.01 0.002

Height (m) −0.59 −2.00 0.83 0.42

Weight (kg) 0.00 −0.01 0.01 0.95

Smoking 0.25 0.01 0.49 0.045

Intraocular pressure (mmHg) −0.02 −0.05 0.01 0.18

Spherical equivalent (dpt) 0.00 −0.04 0.04 0.95
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Table 4: Associations of iris conicity and anthropometric and ocular characteristics including ocular geometric parameters in the Gutenberg
Health Study separated for refractive error (myopic eyes (sphere<−0.5D), emmetropic eyes (sphere: −0 5D ≤ × ≤ 0 5D), hyperopic eyes
(sphere> 0.5D), and eyes with astigmatism >−1.0D. CI: confidence interval.

(a) Analysis of myopic subjects (N = 1688 eyes)

Iris conicity (°) ~ Beta estimate Lower 95% CI Upper 95% CI p value

Sex −0.45 −0.88 −0.02 0.04

Age (y) −0.08 −0.10 −0.06 <0.0001
Height (m) 1.75 −0.63 4.14 0.15

Weight (kg) 0.00 −0.01 0.01 0.53

Smoking 0.23 −0.21 0.67 0.31

IOP (mmHg) −0.02 −0.08 0.04 0.48

Corneal power (dpt) 0.04 −0.07 0.15 0.46

Anterior chamber depth (mm) −0.77 −1.36 −0.17 0.01

CCT (μm) −0.00 −0.01 0.00 0.40

Lens thickness (mm) 2.57 2.00 3.14 <0.0001
Axial length (mm) −0.04 −0.20 0.13 0.67

Mean pupil diameter (mm) −0.22 −0.59 0.15 0.25

(b) Analysis of emmetropic subjects (N = 1613 eyes)

Iris conicity (°) ~ Beta estimate Lower 95% CI Upper 95% CI p value

Sex −0.15 −0.60 0.30 0.52

Age (y) −0.06 −0.08 −0.04 <0.0001
Height (m) 1.77 −0.86 4.40 0.19

Weight (kg) 0.01 −0.01 0.02 0.30

Smoking −0.31 −0.69 0.06 0.10

IOP (mmHg) −0.02 −0.08 0.04 0.54

Corneal power (dpt) −0.09 −0.25 0.08 0.31

Anterior chamber depth (mm) −0.31 −0.97 0.36 0.37

CCT (μm) 0.00 −0.00 0.01 0.59

Lens thickness (mm) 3.02 2.37 3.66 <0.0001
Axial length (mm) −0.56 −0.95 −0.16 0.006

Mean pupil diameter (mm) −0.08 −0.46 0.30 0.69

(c) Analysis of hyperopic subjects (N = 1980 eyes)

Iris conicity (°) ~ Beta estimate Lower 95% CI Upper 95% CI p value

Sex −0.51 −0.90 −0.11 0.01

Age (y) −0.06 −0.07 −0.04 <0.0001
Height (m) 0.10 −2.17 2.36 0.93

Weight (kg) −0.00 −0.01 0.01 0.80

Smoking 0.28 −0.11 0.67 0.15

IOP (mmHg) −0.06 −0.11 −0.01 0.02

Corneal power (dpt) −0.05 −0.17 0.08 0.49

Anterior chamber depth (mm) −0.37 −0.96 0.23 0.23

CCT (μm) −0.00 −0.01 0.00 0.47

Lens thickness (mm) 2.70 2.18 3.22 <0.0001
Axial length (mm) −0.55 −0.80 −0.30 <0.0001
Mean pupil diameter (mm) −0.09 −0.43 0.25 0.59
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anterior chamber depth was related to a steeper iris conicity in
the main analysis, stratification on refractive error did yield
that this is primarily visible in myopic eyes but not in emme-
tropic and hyperopic eyes. A decisive geometrical parameter
may be the distance between the iris pigment epithelium
and the anterior capsule of the crystalline lens. This however
may not be approached by current noncontact imaging
methods. We hence cannot state whether the observed iris
conicity is determined by the flow of the aqueous humor
between the anterior surface of the lens and the posterior
surface of the iris or rather as a primary anatomical parameter
by the intrinsic configuration of iris tissue.

Interestingly, axial length was not associated with iris
conicity in the main analysis, while several studies reported
an association between shorter axial length and a smaller ante-
rior chamber angle and angle-closure glaucoma [15, 18, 23].
Nevertheless, subgroup analysis revealed an association in

emmetropic and hyperopic eyes but not in myopic eyes, indi-
cating that there might be a relationship in the physiological
range of axial length.Onemay speculate thatmyopia ismainly
linked to a relative elongation of the posterior segment of the
eye, and therefore, a direct association may remain elusive.
Also, the position of the iris root may be a determinant for
the absolute conicity of the iris in so far as the accommodative
state of the ciliary muscle may exert a subtle deformation.
Moreover, it remains speculative whether the actual thickness
of the crystalline lens is larger in a hyperopic eye compared to a
myopic eye of the same absolute refractive error.

Similarly, iris conicity was not associated with central
corneal thickness which is known to be linked with anterior
chamber angle aperture [19, 24]. These findings indicate that
iris conicity follows other rules than the mere chamber angle.
While the anterior chamber angle is measured peripherally,
the iris conicity indicates a spatial position of the iris in the
anterior segment. However, both parameters are a geometri-
cal reduction of complex microanatomical structure which
do not lend themselves easily to a description by two straight
crossing lines.

Iris configuration rather than iris position was investi-
gated in several other studies. Iris concavity was reported to
be present in pigment dispersion syndrome and pigmentary
glaucoma [8]. In those eyes, peripheral sagging of the iris
tissue is so marked that it leads to chafing of the pigment epi-
thelium on the reverse side against the anterior lens capsule
and zonular fibres [9]. Moderate myopia is associated with
such a concave iris configuration [9, 10]. Iris contour itself
is known to be changed by several physiological mechanisms,
such as blinking [3], accommodation [25–28], and exercise
[29, 30]. In addition, dynamic analysis of iris configuration
shows changes in dark and bright light conditions [31].
Whether these factors do also influence iris position in the
anterior segment is not fully understood.

There are methodological limitations to the study. First,
we were not able to adjust for the potential influence of the
pupil diameter on iris conicity under different lighting condi-
tions. Imaging of the anterior segment was performed under
mesopic lighting conditions without dilation of the pupil.

(d) Analysis of subjects with high astigmatism (N = 659 eyes)

Iris conicity (°) ~ Beta estimate Lower 95% CI Upper 95% CI p value

Sex 0.13 −0.61 0.85 0.74

Age (y) −0.10 −0.13 −0.07 <0.0001
Height (m) 1.76 −2.31 5.84 0.40

Weight (kg) 0.00 −0.01 0.02 0.90

Smoking 0.18 −0.48 0.83 0.60

IOP (mmHg) 0.04 −0.05 0.13 0.42

Corneal power (dpt) 0.09 −0.06 0.23 0.25

Anterior chamber depth (mm) −0.89 −1.80 0.02 0.056

CCT (μm) −0.01 −0.02 −0.00 0.03

Lens thickness (mm) 2.97 2.01 3.94 <0.0001
Axial length (mm) 0.08 −0.13 0.30 0.45

Mean pupil diameter (mm) −0.07 −0.65 0.51 0.81

N: 39N: 39

Phakia Pseudophakia

15
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Figure 3: Box plots of iris conicity of intraindividual comparison
of phakic and pseudophakic eyes in the GHS study population
(N is the number of subjects with one eye having pseudophakia
and the fellow eye being phakic in our study population).
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Nevertheless, Scheimpflug imaging uses bright light source.
Furthermore, we did not assess objective refraction under
cycloplegic conditions; therefore, findings with respect to
hyperopia might be underestimated. Also, accommodation
might have influenced our results on lens thickness. How-
ever, our study cohort had an age range from 40 to 80 years.
In the older age groups, the geometrical effect of accommo-
dation on the lens configuration is limited. Also, we reported
a cross-sectional analysis of associations with iris conicity
and did not refer to actual changes of the iris geometry over
time. Therefore age-related changes do not refer to individual
changes over time. A critical look should be taken at the
measurement method. We used the built-in measurement
tool and performed a plausibility check for inappropriate
values. Furthermore, the iris structure itself is approximated
by a linear slope and intersection of opposite slopes are used
to calculate the iris conicity. This measurement does not
incorporate the iris profile (convex or concave configuration,
plateau iris) but approximates the average iris position in the
anterior segment. While this algorithm is less prone to errors
than the identification of the anterior chamber angle, its
value in glaucomatology is not yet established. In addition,
we did not analyze a real object, namely, the iris, but its image
projected by the cornea. Sensitivity analysis with incorpora-
tion of corneal power did not alter our findings. As most of
our study participants were Caucasians, our conclusions
should be regarded as valid for this ethnicity only.

Thedistribution of ocular parameters in our study popula-
tion should be considered when interpreting our findings.
Meancentral corneal thickness (right eyes: 549μm)washigher
in the German population than in other studies [32, 33],
as previously discussed [34].

Anterior chamber depth was also slightly shallower when
comparing to literature. Our study showed a mean anterior
chamber depth of 2.70mm (right eyes), while Pan et al.
[35] reported mean measurements of 3.15mm for anterior
chamber depth in Indian ethnicity and Lim et al. [36]
3.10mm in Malay ethnicities. Axial length was comparable
to other studies analyzing urban populations [35, 36], while
in rural China and central India, axial length is shorter [37,
38]. With regard to lens thickness, our distribution was sim-
ilar to literature when taking age distribution into account.
The Central India Eye and Medical Study reported a lens
thickness of 3.95mm analyzing participants being a decade
younger [39]. In a Burmese population for instance, lens
thickness is slightly thicker (mean lens thickness 4.52mm)

than in our study [40]. Measurements of intraocular pressure
are lower in our study compared to literature, as described for
the baseline examination by Hoehn et al. [41] and being also
true in the follow-up examination. Overall, distributions of
ocular parameters in our study population were comparable
to urban population, except for intraocular pressure.

In summary, we report the distribution of iris conicity
using Scheimpflug imaging in a population-based study. A
steeper conicity was independently associated with a shallow
anterior chamber, and a thicker crystalline lens, while older
persons had a flatter iris conicity. In pseudophakic eyes, iris
conicity approaches 0°, showing that cataract surgery flattens
the iris position.
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Purpose. To evaluate the static measurement of the accommodative stimulus-response curve with emoji symbols. Methods. The
accommodative stimulus-response curve was measured in 18 subjects using a Hartmann-Shack sensor to obtain the objective
accommodative response from the Zernike defocus term. Measurements were acquired at different accommodative demands,
from 0 to 3D with a step of 0.5D. Detailed and nondetailed emoji targets were used with two different sizes, corresponding to
the two most common visual angles used in smartphones. Results. A regression analysis was performed to fit the mean results
obtained for each target. The determination coefficient was R2 ≥ 0 988 for all targets. For the detailed targets, the slopes for the
averaged stimulus-response curve were 0.65 and 0.66 for the bigger and smaller sizes, respectively. For the nondetailed targets,
the slopes were 0.60 and 0.58 for the bigger and smaller sizes, respectively. p values for these slopes were statistically significant
for the two types of targets (p < 0 01). Conclusions. Our results reveal that the replacement of a word or several words by
detailed or nondetailed emoji symbols seems not to provoke a different accommodative response in normal subjects and under
standard viewing conditions in the use of smartphones.

1. Introduction

Over the last few years, there has been a significant increase
in the use of Internet-based instruments such as tablets
and/or smartphones. Around two billion phones are esti-
mated as currently in use worldwide, and this number is
expected to double by 2020 [1]. The number of hours of
use in front of a tablet or smartphone screen is increasing,
both in adults and children. In addition, the reading distance
may vary since smaller screen size implies that the user tends
to get closer for its use. Bababekova et al. [2] reported that the
mean viewing distance for reading text messages on a smart-
phone is 4 cm closer than for Internet viewing, in both cases
closer than that usually adopted for other computer devices.
Also, there is a study that shows that the viewing distance
of a smartphone may vary depending on the time spent read-
ing, being closer after 60 minutes [3].

Smartphones can be used for different visual tasks such as
reading the Internet, viewing videos, and writing and reading

messages in social networks or messaging applications. These
activities are changing quickly, and it may be now found that
some written text is replaced by emojis. An emoji is defined
as a pictograph (graphic symbol) that represents not only a
facial expression but also concepts and ideas [4] and is fre-
quently used to replace some words in messages. To replace
a word or several words by an emoji may provoke a different
accommodative response (AR) depending on the details
included in the emoji symbol. The assessment of the AR by
means of the accommodative stimulus-response curve may
provide information regarding some relevant clinical aspects.
The analysis of this curve is important for the assessment of
the relationship between accommodation and myopia or
amblyopia development [5–8].

Therefore, the purpose of the present study is to evaluate
the accommodative stimulus-response curve using a
wavefront-sensing optical system in order to assess the effect
of detailed and nondetailed emoji symbols used in messaging
applications frequently found in smartphones.
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2. Methods

2.1. Subjects. Eighteen young adult subjects with a mean age
of 28.6± 8.2 years were recruited for this experiment. The
mean spherical equivalent refractive error was −0.16± 1.30
diopters (D). Astigmatism was limited to ≤1.00D and aniso-
metropia <2.00D. All subjects had a best-corrected visual
acuity of 20/20 or better, showed no ocular pathology, no
previous conducted ocular surgery, and normal clinical
amplitudes of accommodation for their ages. The study
followed the Declaration of Helsinki and was approved by
the Ethics Committee of the Institution. The subjects were
verbally informed about the details and possible conse-
quences of the study, and a signed formal consent was
obtained from each subject.

2.2. Experimental System. A wavefront-sensing optical sys-
tem was used to carry out the measurements. Figure 1
shows a detailed description of the experimental setup used.
The system is composed of a Hartmann-Shack wavefront
sensor (Haso 32, Imagine Eyes, France) and a 52-actuator
deformable mirror (Mirao 52, Imagine Eyes, France) that
was used to compensate for the internal aberrations of the
optical system [9]. The wavefront sensor employs a square
array of 1024 microlenses and a near-infrared light source
with a wavelength of 850nm. An internal microdisplay is
used to project the target, while the Badal system is
employed to change the accommodation demand. A precise
alignment of the subject’s pupil is required, which was
controlled with an additional camera. Head movements
were reduced employing a chin and forehead rest. The
subject’s right eye viewed the target and the left eye
was patched. All measurements were taken using the
analysis and simulation software library and software
development kits provided by the manufacturer (Imagine
Eyes, France).

2.3. Experimental Procedure. Measurements were acquired
at different accommodative demands (AD), from 0 to
3D with a step of 0.5D. Detailed (happy and sad smileys)
and nondetailed (heart and star) emoji targets, so classified
depending on the level of details included in the emoji
symbols, were used with two different sizes (21 and
30 arc min), corresponding to the two most common
visual angles used in smartphones at a standard distance
of 30 cm. These two sizes were selected according to the
most used configuration for viewing messages in end-to-
end instant messaging applications. Detailed emojis are
supposed to require higher visual acuity than nondetailed
ones (see Figure 2 for a description of both emoji targets).
The accommodative stimulus-response curve was measured
under four different conditions, combining both the type
and the size of emojis. Subjects were also allowed to rest
between trials.

2.4. Data Analysis.Wavefront data were exported as Zernike
coefficients up to the 6th order. In order to identify the AR of
the eyes to the accommodation stimuli only, Zernike defocus
was used. AR was determined in diopters by using the
equation that follows:

AR = AD −
C0
24 3
r2

, 1

where C0
2 is the second-order Zernike coefficient for defo-

cus, expressed in μm, and r is the pupil radius, expressed
in mm [10].

Mean data for each of the different conditions were fitted
into linear models. For each regression analysis, the following
values were recorded: intercept n, slope m, determination
coefficient R2, and p values. Besides these values, the accom-
modative error index I was obtained for each condition [11].
This metric is defined as the mean of the response error
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Figure 1: Schematic diagram of the wavefront-sensing optical system.
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magnitude divided by the squared correlation coefficient.
The accommodative error index is defined therefore as

I = 1 −m x1 + x2 /2 − n

R2 , 2

where x1 and x2 correspond to the stimulus levels defining the
range over which the regression fit applies. Slope values them-
selves are not valid to characterize a stimulus-response curve,
since a curve withm = 1 does not necessarily coincide with the
ideal line and important lags or leads may still be present, and
therefore, the accommodative error index was introduced to
consider both the extent to which responses deviate from
ideal and the goodness of fit of data points to the regression
line. The accommodative error index I value increases with
the numerator value, that is, when the discrepancy between
the regression line fitted to the measured accommodative
responses and the ideal line increases (measured by the nor-
malized area between both lines). The value of I also increases
as the denominator decreases, that is, when the degree of
correlation between stimulus and response is not high.

An additional ANCOVA analysis using MATLAB 2015b
(The MathWorks Inc., Natick, MA, USA) was also carried
out in order to determine whether the slopes of the four
different conditions were significantly different. A p value
lower than 0.05 was considered as statistically significant.

3. Results

Figure 3 shows the mean AR obtained for all the subjects for
each AD, starting from 0D and ending at 3D of AD with a
0.5D step with the detailed (happy and sad smileys) emoji
targets for 30 (top) and 21 (bottom) arc min. The slopes for
the averaged stimulus-response curve were 0.634 and 0.627
for the bigger and smaller sizes, respectively. The p values
for these slopes were statistically significant for the two
sizes (p < 0 01). The determination coefficient in both cases
was R2 ≥ 0 988.

Figure 4 shows the averaged AR obtained with the non-
detailed (heart and star) emoji targets for 30 (top) and 21
(bottom) arc min. The slopes for the averaged stimulus-
response curve were 0.566 and 0.544 for the bigger and
smaller sizes, respectively. The p values for these slopes
were statistically significant for the two sizes (p < 0 01).
The determination coefficient in both cases was R2 ≥ 0 988.

The solid line in both figures shows the theoretical ideal
response of the accommodation process (i.e., equal AR for
each AD). In this case, there was a difference towards the
same direction between all AR and the theoretical line,
showing accommodative lag for all subjects and AD. The
accommodative error index I values for the different condi-
tions assessed were the following: 0.56 and 0.56 for the
detailed emoji targets for 30 and 21 arc min, respectively
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Figure 3: Mean accommodative response obtained with the detailed (happy and sad smileys) emoji targets for 30 (a) and 21 (b) arc min. Each
data point represents the mean± standard deviation (SD) at each accommodative demand. The solid line represents the theoretical
accommodative response while the dotted line represents the fitted linear model.
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Figure 2: Detailed (a) and nondetailed (b) emoji symbols used for the experiment.
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and 0.66 and 0.69 for the nondetailed emoji targets for 30 and
21 arc min, respectively.

An ANCOVA statistical analysis was conducted to
analyze if the measurements obtained for the four different
conditions were statistically different or not. This analysis
revealed that the slopes of the AR for the four conditions
were not significantly different from each other (p = 0 06).
Despite no statistically significant differences were found in
the slope values, the outcomes for the detailed emoji targets
were slightly larger than the ones obtained for the nonde-
tailed emoji targets.

4. Discussion

As we have introduced, there is a general trend worldwide to
increase the number of hours using handheld devices such as
smartphones or tablets. The use of these devices, specifically
by children and young individuals, may produce a change
in their AR. It is interesting to note, for example, that smart-
phone gaming has risen dramatically in recent years [12].
Specifically, smartphone gaming and frequent use patterns
are associated with smartphone addiction [13]. For example,
Haug et al. [14] indicated that smartphone addiction
occurred in 16.9% of a sample of 1519 students from
Switzerland. Then, the excessive use of a smartphone
can be described as a type of behavioural addiction that
changes several aspects of information reading and com-
munication. The addiction that is actually reported in
the literature produces inevitably an increasing number
of hours of use that may affect the AR.

The use of instant messaging applications frequently
found in smartphones is one of the main factors that
contributes in increasing the number of hours of use. An
emoji, defined as a pictograph that describes concepts, ideas,
and emotions, is one of the communication elements most
used in these applications, to such an extent that frequently
the communication between individuals only considers
emoji symbols. Then, when text is replaced by an emoji sym-
bol, this may also affect the AR and should be evaluated. In

addition, it becomes important for the user of these applica-
tions to pay detailed attention to the emoji symbol used,
since, for instance, emojis representing different emotions
or feelings differ only in small details (see, for example, happy
and sad smileys in Figure 2(a)).

Therefore, the aim of the present study focuses on the
analysis of the accommodative stimulus-response curve
using a wavefront-sensing optical system in order to properly
analyze the effect of emoji symbols on the accommodative
system of the human eye. Due to the importance of the
details in some emojis to properly communicate the message,
we have considered the analysis with two different groups of
emojis (detailed and nondetailed) requiring different visual
demanding tasks.

Our results revealed that under all the conditions of the
experiments that were carried out there was an accommoda-
tive lag for all subjects evaluated. Mean lag values for all the
experimental conditions increased for higher vergences,
ranging from 0.3 (at 0.5D) to 1.3D (at 3D). These results
agree with previous literature showing that accommodative
lag increases with AD [7, 15–17]. We have to note that there
have been reported differences in the accommodative
stimulus-response curves depending on the measurement
method used [7, 17]. Recently, Chen et al. [17] measured
monocularly this curve using three methods: dynamic and
static measurements using a motorised Badal system and
the minus lens technique. They concluded that the results
are method-dependent, and that using dynamic measure-
ments, accommodative behaviour varies with the speed of
dioptric change of the stimulus. In our experiment, we have
used a Hartmann-Shack wavefront sensor with a Badal lens,
and the accommodation measurement was based on the
Zernike defocus term (see (1)).

Figures 3 and 4 show the data for the detailed and nonde-
tailed emoji symbols used. Specifically, Figure 3 shows the
happy and sad smiley emoji targets for 30 and 21 arc min.
The slopes for both types of symbols were higher than 0.6
and the determination coefficient R2 ≥ 0 988, being statisti-
cally significant for the two sizes evaluated (p < 0 01). Similar
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Figure 4: Mean accommodative response obtained with the nondetailed (heart and star) emoji targets for 30 (a) and 21 (b) arc min. Each data
point represents the mean± standard deviation (SD) at each accommodative demand. The solid line represents the theoretical
accommodative response while the dotted line represents the fitted linear model.
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outcomes were found for the heart and star emoji targets (see
Figure 4). The slopes were higher than 0.5 and the determina-
tion coefficient R2 ≥ 0 988, being statistically significant for
the two sizes evaluated (p < 0 01). The ANCOVA analysis
revealed that there were no statistically significant differences
between the results obtained for the slopes in the four experi-
mental conditions (p = 0 06), although it is interesting to point
out that the slopes for the detailed emoji targets (Figure 3)
were slightly larger than the ones obtained for the nondetailed
emoji targets (Figure 4). This response may be due to the fact
that detailed targets may require higher AR to reduce the
accommodative lag and increase the quality of the retinal
image [16]. In relation to the emoji sizes, our results revealed
that there were no differences between the slopes (see
Figures 3 and 4). Some instant messaging applications that
are commonly used worldwide increase the size of the emoji
when it is displayed alone, without text. Despite the fact that
there are no differences in the AR, this different sizemay allow
for a better visualization increasing the reading speed or mes-
sage comprehension, for example. In relation to the accom-
modative error index, the results obtained revealed and
confirmed that the detailed emoji targets require larger AR
to reduce the accommodative lag. Note, for example, that the
accommodative error index for nondetailed targets is about
25% higher than the values obtained for the detailed targets.

One of the limitations in our study is that we have used
some specific emojis. However, there are a lot of them and
new ones appear every day. Besides, the use of a particular
emoji symbol changes frequently by users. In this regard,
for example, the website Emojitracker (http://emojitracker.
com/), that monitors the use of emojis on Twitter in real
time, shows how the frequency of use for a particular emoji
changes with time. Future studies should be done with more
emoji types.

In conclusion, we have measured the accommodative
stimulus-response curve under different conditions combin-
ing both the type and the size of emoji symbols. Our results
reveal that the replacement of a word or several words by
detailed or nondetailed emoji symbols seems not to provoke
a different AR in normal subjects and under standard view-
ing conditions in the use of smartphones. However, further
research should be carried out in order to evaluate the use
of other emoji symbols that appear continuously.
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Cortical cholinergic deficiency is prominent in Alzheimer’s disease (AD), and published findings of diminished pupil flash response
in AD suggest that this deficiency may extend to the visual cortical areas and anterior eye. Pupillometry is a low-cost, noninvasive
technique that may be useful for monitoring cholinergic deficits which generally lead to memory and cognitive disorders. The aim
of the study was to evaluate pupillometry for early detection of AD by comparing the pupil flash response (PFR) in AD (N = 14) and
cognitively normal healthy control (HC, N = 115) participants, with the HC group stratified according to high (N = 38) and low
(N = 77) neocortical amyloid burden (NAB). Constriction phase PFR parameters were significantly reduced in AD compared to
HC (maximum acceleration p < 0 05, maximum velocity p < 0 0005, average velocity p < 0 005, and constriction amplitude
p < 0 00005). The high-NAB HC subgroup had reduced PFR response cross-sectionally, and also a greater decline
longitudinally, compared to the low-NAB subgroup, suggesting changes to pupil response in preclinical AD. The results
suggest that PFR changes may occur in the preclinical phase of AD. Hence, pupillometry has a potential as an adjunct for
noninvasive, cost-effective screening for preclinical AD.

1. Introduction

The ocular pupil controls retinal illumination and responds
dynamically to a bright flash of light by rapid constriction
followed by redilation (Figure 1). Pupillometry investigates
this responsebydelivering aflashof light into the eye andaccu-
rately detecting and measuring pupil size changes over time.

Pupil size and response are controlled by the opposing
action of the sphincter and dilator muscles of the iris. The

constriction phase of the pupil response (Figure 1) is primar-
ily driven by the cholinergic system [1], with acetylcholine
(ACh) being the neurotransmitter involved in projections
between the Edinger-Westphal nucleus, ciliary ganglion,
and sphincter muscle [2]. Thus, pupillometry provides a
practical, noninvasive approach with which to evaluate
cholinergic deficiency.

Pupillometry has been used to identify a cholinergic
deficiency in a number of disorders including Alzheimer’s
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disease (AD) [3–8] and Parkinson’s disease [5, 9]. As the
primary neurotransmitter deficit in AD is ACh [10–12], the
constriction phase of the pupil flash response (PFR) has
gained interest for evaluating cholinergic deficiency and for
early detection, diagnosis, and monitoring of AD. The major-
ity of study results to date indicate a slower and reduced pupil
response in AD, with reduced velocities, accelerations, and
constriction amplitude, and increased latencies. The work
of Ferrario et al. [6] on only constriction acceleration stands
in contrast, possibly due to different methodology and partic-
ipant selection. Some studies indicate a faster recovery after
stimulus in AD, despite slower constriction and dilation
velocities, probably due to the reduced amplitude [3, 13].

Our prior study [8] found a weaker pupil constriction
response in AD, consistent with the hypothesis of a choliner-
gic deficit in the peripheral parasympathetic pathway in AD.
Significant differences were found between AD and cogni-
tively normal healthy control (HC) participants in 10 differ-
ent calculated PFR parameters, with the greatest differences
coming from the constriction phase: maximum constriction
acceleration, maximum constriction velocity, mean constric-
tion velocity, and constriction amplitude. These promising
preliminary results warranted further investigation into
whether pupil response changes occur early in AD, possi-
bly providing a test for early detection or monitoring of
the disease.

AD is characterized clinically by a progressive decline
in memory, learning, and executive function and

neuropathologically by the presence of cerebral extracellular
amyloid deposits (plaques), intracellular neurofibrillary
tangles, and cerebral (in particular hippocampal) atrophy.
In addition to the debilitating symptoms endured by AD
patients, the disease imposes a huge social and economic
burden on society [14].

AD cognitive symptoms arise only after extensive, irre-
versible neural deterioration has already occurred. As a
result, diagnosis is usually made late in the disease process,
limiting both the efficacy of available treatments and the
evaluation of new treatments. Biomarkers for early detec-
tion of AD include cerebrospinal fluid concentrations of
beta-amyloid (Aβ), total tau and phosphorylated tau pep-
tides [15–18], and brain Aβ plaque burden imaged using
positron emission tomography (PET) [16, 18–20]. Research
demonstrates that plaque burden can be detected over 20
years before cognitive symptoms begin [21]. However, while
these are valuable diagnostic and secondary screening bio-
markers, they are not suitable as primary screening technol-
ogies for AD. A screening process that could provide early,
accurate diagnosis or a prognosis of AD would enable
earlier intervention, facilitate cost-effective screening into
treatment trials, and allow current and future treatments
to be more effective.

The present study investigated constriction phase pupil
response in AD and HC participants, with a particular focus
on PFR changes in preclinical AD as determined by high
neocortical amyloid burden (NAB).
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Figure 1: Illustration of pupil flash response and parameters measured. (a) Pupil diameter over time after stimulus at time zero. (b) Pupil
velocity (rate of change of pupil diameter). (c) Pupil acceleration (rate of change of velocity). The constriction phase lasts from stimulus to
minimum pupil size; parameters calculated during this phase are the constriction amplitude, maximum and average constriction velocity,
and maximum constriction acceleration.
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2. Materials and Methods

2.1. Participants. Participants for the study were recruited
from the Australian Imaging, Biomarkers, and Lifestyle
(AIBL) study of ageing in Australia. The AIBL study has
two sites: Melbourne (Victoria) and Perth (Western
Australia). The pupillometry study was conducted only at
the Perth site. A previous report details the AIBL study
design and baseline cohort [22]. Briefly, the AIBL study inte-
grates data from neuroimaging, biomarkers, lifestyle, clinical,
and neuropsychological domains for eligible volunteers older
than 60 years who are fluent in English. AIBL classifies par-
ticipants into 3 groups: (1) individuals meeting the criteria
for AD based on the NINCDS-ADRDA (National Institute
of Neurological and Communicative Disorders and Stroke-
Alzheimer’s Disease and Related Disorders Association)
[23], (2) individuals meeting the criteria for mild cognitive
impairment [24, 25], and (3) cognitively normal healthy
control individuals.

The following were part of the AIBL exclusion criteria: a
history of non-AD dementia, schizophrenia, bipolar disor-
der, significant current (but not past) depression (geriatric
depression scale above 5/15), Parkinson’s disease, cancer
(other than basal cell skin carcinoma) within the last 2
years, symptomatic stroke, uncontrolled diabetes, diagnosed
obstructive sleep apnoea, or current regular alcohol use
exceeding 2 standard drinks per day for women or 4 per
day for men.

AIBL participants were excluded from the pupil response
study if they did not have PET data available; if they had
pupillary malformations, severe cataract, self-reported his-
tory of glaucoma in either eye, penetrating eye wounds to
both eyes, and eye surgery to both eyes that involved the
muscle; if they used cholinesterase inhibitors or prescribed
ocular medications; or if they were unable to complete the
task without excessive blinking.

All participants provided written informed consent, and
all PFR procedures were approved by the Hollywood
Private Hospital Research Ethics Committee according to
the Helsinki Declaration. Approval for the parent AIBL study
was obtained from the Austin Health Human Research
Ethics Committee, the Hollywood Private Hospital Research
Ethics Committee, the St. Vincent Hospital Research
Ethics Committee, and the Edith Cowan University Human
Research Ethics Committee.

The present study draws upon data generated from the
AIBL study, including neuroimaging and genetic test results.
The methodology for these AIBL procedures is reported
elsewhere [22] and summarized below.

2.2. Neuroimaging. Neuroimaging methodology is reported
in more detail elsewhere [26]. Briefly, participants were
neuroimaged for the presence of fibrillar brain Aβ using
PET with 2 different radiotracers: 11C-Pittsburgh compound
B (PiB) and 18F-flutemetamol (FLUTE). Previous reports
describe the PET methodology for each tracer in detail
[20, 27]. For semiquantitative analysis, a volume of interest
template was applied to the summed and spatially normal-
ized PET images to obtain a standardized uptake value

(SUV). The images were then scaled to the SUV of each
tracer’s recommended reference region to generate a tissue
ratio termed SUV ratio (SUVR). A global measure of NAB
was computed using the mean SUVR in the frontal, superior
parietal, lateral temporal, occipital, and anterior and poste-
rior cingulate regions of the brain. For PiB, the SUV was nor-
malized to the cerebellar cortex, whereas the pons was used as
the reference region for FLUTE [28]. SUVR was stratified
into a dichotomous variable classified as high or low based
on neuropathologically validated thresholds for each tracer.
We considered participants who underwent FLUTE imaging
to have high NAB when the SUVR was 0.62 or higher [28],
and for PiB imaging, when the SUVR was 1.4 or higher [29].

2.3. Genotyping. APOE genotyping was performed according
to the following protocol: fasting blood samples were
obtained using standard venepuncture of the antecubital vein
and collected into EDTA tubes containing prostaglandin E1
(PGE: 33.3 ng/ml; Sapphire Bioscience, NSW, Australia) to
prevent platelet activation. Extraction of DNA from 5ml of
whole blood was undertaken using QIAamp DNA Blood
Maxi Kits (Qiagen, Hilden, Germany) as per the manufac-
turer’s instructions. Specific TaqMan® (Thermo Fisher
Scientific, Waltham, MA, USA) genotyping assays were
used for ascertaining APOE genotype (rs7412, assay ID:
C____904973_10; rs429358, assay ID: C___3084793_20),
which were performed on a QuantStudio 12K Flex™
real-time PCR system (Thermo Fisher Scientific, Waltham,
MA, USA) using the TaqMan GTXpress™ Master Mix
(Thermo Fisher Scientific, Waltham, MA, USA).

2.4. System of Pupillometry. A record of the pupil’s response
to a flash of light was collected for each participant using a
commercial pupillometer. The PFR was collected using a
NeurOptics™ VIP™-200 Pupillometer. This is a commercial,
monocular device providing fully automated operation and
calculation of response parameters. The device produces a
white flash stimulus and then measures the pupil size for
5 seconds using infrared illumination. The video frame
rate is 33Hz, the stimulus/pulse intensity is 180μW, and
the stimulus/pulse duration is 31ms. The pupillometer
produces diffuse light over the whole visual field.

The room was darkened for 2 minutes prior to testing.
The test was practiced once before recording. Occasionally,
an extra trial was needed to achieve a recording without
blinks or artefacts. Data was rejected if artefacts were present.
The right eye was used for all participants, except where there
was injury or pathology to the right eye only or a suitable
pupil response could not be obtained with the right eye, in
which case the left eye was used (N = 1). The pupillometer
provided automatic calculation of the following pupil
response parameters: resting pupil diameter (D1, mm), min-
imum pupil diameter (D2, mm), average constriction veloc-
ity (CV, mm/sec), maximum constriction velocity (MCV,
mm/sec), and constriction amplitude (AMP, mm), which
was calculated as the difference between resting pupil diame-
ter and minimum pupil diameter (D1−D2, mm). A record of
the pupil’s diameter as a function of time was exported from
the pupillometer. From this record, maximum constriction
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acceleration (MCA, mm/sec2) was calculated by masked
operators using fully automated computer algorithms. PFR
trials with artefacts or excessive blinking were discarded. A
computer algorithm was used to remove minor blinks.

2.5. Statistical Analysis. Descriptive statistics including
means and standard deviations (SD) for the full cohort and
clinical group are shown in Table 1. Demographic compari-
sons were performed using a χ2 test (Fisher’s exact calcula-
tion where necessary) for categorical variables (gender and
APOE ε4 status), and analysis of variance (ANOVA) for the
continuous age variable (p < 0 05 considered significant).
Pupil response measures were compared between groups
using generalised linear modelling, with confounding vari-
ables reduced via the stepAIC method (a stepwise model
selection by Akaike information criterion). Confounders
considered included age, sex, and APOE ε4 status (the major
genetic risk factor for sporadic AD [30]). Statistical signifi-
cance was defined as p < 0 05. All statistical analyses were
conducted in the R statistical environment [31]. The likeli-
hood of false-positive results was minimised by comparing
p values to adjusted critical values according to the Benjamini
and Hochberg false discovery rate (FDR) method [32].
Receiver-operating characteristic (ROC) curve analysis was
also performed to further illustrate the classification accu-
racy of the PFR parameters. The area under the curve
(AUC) of the ROC curves was estimated, an AUC of 1
indicates perfect classification ability, whereas an AUC near
0.5 indicates poor (random) classification ability. Logistical
models combining PFR measures were created to assess
combined classification performance.

3. Results

Eligible AIBL participants in Perth with PET data available
numbered 206 (182 HC, 24 AD). N = 180 (87%) were willing
to participate in the pupillometry study. Participants were
excluded from the pupil response study if they had pupillary
malformations, severe cataract (N = 5), self-reported history
of glaucoma in either eye, penetrating eye wounds to both

eyes, and eye surgery to both eyes that involved the muscle;
if they used cholinesterase inhibitors or prescribed ocular
medications (N = 36); or if they were unable to complete
the task without excessive blinking (N = 10). All participants
were white Caucasians.

The pupillometry study thus included N = 129 partici-
pants (115 HC, 14 AD). Table 1 shows the demographic
comparisons between HC and AD groups, Table 2 shows
the same for the HC group stratified according to NAB
status, and Table 3 shows the same for the 37 HC participants
with longitudinal pupillometry results available, again strati-
fied according to NAB status.

There was a significantly greater proportion of APOE ε4
carriers in the AD group (Table 1, p = 0 000001), consistent
with APOE ε4 being the major genetic risk factor for sporadic
AD. The AD group was also older (mean age 77.4 years)
compared to the HC group (mean age 72.9 years) (p = 0 002).

PFR parameters were not significantly different between
males and females, or between APOE ε4 carriers and noncar-
riers, but they did exhibit an age dependence (MCV
p = 0 00002, CV p = 0 00001, MCA p = 0 002, and AMP
p = 0 02).

Significant differences in pupil response were found
between the AD and HC groups (Table 1). Specifically, the
AD group exhibited reduced MCV (p = 0 00045, Figure 2),
AMP (p = 0 0030), MCA (p = 0 030), and CV (p = 0 0015).
All results were significant after adjustment using the
Benjamini and Hochberg FDR method [32].

MCV provided the greatest clinical classification accu-
racy with sensitivity 100%, specificity 67%, and AUC 0.85
(CI [0.76–0.93]). Combining PFR parameters into a logistic
model did not improve classification performance, as the
parameters were highly correlated. However, adding age
and APOE є4 carrier status improved classification perfor-
mance to sensitivity 91.7%, specificity 93.1%, and AUC 0.94
(CI [0.87–1]).

Stratifying the HC group according to NAB, the low-
NAB group consisted of 77 participants of mean age 72.3
years, while the high-NAB group consisted of 38 participants
of mean age 74.0 years. Demographics and results of this

Table 1: Demographics and descriptive PFR analysis for HC and AD groups, with ANOVA, χ2 test, and GLM analysis.

Healthy control Alzheimer’s disease p value

Number of participants [N] 115 14

Age: years [mean (±SD)] 72.9 (±5.3) 77.4 (±5.4) 0.002~

Sex: male [N (%)] 56 (49) 10 (61) 0.11†

APOE ε4 carrier [N (%)] 27 (23) 12 (86) 0.000001†

MCA [mm/sec2, mean (±SD)] 31.12 (±6.56) 26.84 (±4.23) 0.030‡

MCV [mm/sec, mean (±SD)] 4.22 (±0.65) 3.41 (±0.55) 0.00045‡

CV [mm/sec, mean (±SD)] 3.02 (±0.49) 2.53 (±0.44) 0.0015‡

AMP [mm, mean (±SD)] 1.46 (±0.28) 1.15 (±0.28) 0.0030‡

~Analysis of variance (ANOVA) for the continuous age demographic variable (p < 0 05 considered significant). †χ2 test for categorical demographic variables
(gender and APOE ε4 carrier status) (p < 0 05 considered significant). ‡p value from generalised linear model analysis of differences between groups (including
significant confounders). Bold values significant after adjustment for false discovery rate (FDR) using the Benjamini and Hochberg method. APOE ε4 carrier
status refers to carrier/noncarrier of an apolipoprotein E ε4 allele. SD refers to standard deviation, mm refers to millimetres, sec refers to seconds, PFR refers to
pupil flash response, HC refers to healthy control, AD refers to Alzheimer’s disease, GLM refers to generalised linear methods, MCA refers to maximum
constriction acceleration, MCV refers to maximum constriction velocity, CV refers to average constriction velocity, and AMP refers to constriction amplitude.
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comparison are presented in Table 2. There was a signifi-
cantly greater proportion of APOE ε4 carriers in the high-
NAB group (p = 0 0002), again consistent with APOE ε4
being the major genetic risk factor for sporadic AD. MCV
was reduced in the high-NAB group (p = 0 021). The remain-
ing PFR parameters exhibited nonsignificant trends for
reduced values in the high-NAB group. Combining MCV
and MCA into a logistic model provided classification accu-
racy for high NAB with sensitivity 57.1%, specificity 71.6%,
and AUC 0.63 (CI [0.52–0.75]). Adding age and APOE ε4
carrier status improved the performance of the model to sen-
sitivity 60%, specificity 88%, and AUC 0.74 (CI [0.63–0.84]).

Thirty HC participants (19 low NAB, 11 high NAB)
underwent longitudinal pupillometry, with PFR data col-
lected using the same device and an intermeasurement
period ranging 27–36 months prior to this study [8]. The
change in PFR parameters between visits was calculated.

Demographics and results of this comparison are pre-
sented in Table 3. There was again a significantly greater
proportion of APOE ε4 carriers in the high-NAB group
(p = 0 035). The high-NAB group also had a greater per-
centage of males (73%) compared to the low-NAB group
(37%) (p = 0 00026). PFR parameters were not signifi-
cantly correlated with the exact interval between longitu-
dinal measurements.

Group means for each PFR parameter change were
negative, indicating a weaker PFR at the more recent pupillo-
metry test. The reduction in MCA and MCV was more
pronounced in the high-NAB group (p = 0 0068, p = 0 047,
resp.). The MCA result was still significant after Benjamini
and Hochberg FDR adjustment [32]; however, the maxi-
mum velocity result was not. Combining MCA and MCV
in a logistic model provided a classification accuracy for high
NAB with sensitivity 73%, specificity 100%, and AUC 0.90

Table 2: Demographics and descriptive PFR analysis for the HC group stratified according to neocortical amyloid burden (NAB), with
ANOVA, χ2 test, and GLM analysis.

Healthy control [low NAB] Healthy control [high NAB] p value

Number of participants [N] 77 38

Age: years [mean (±SD)] 72.3 (±5.2) 74.0 (±5.3) 0.05734~

Sex: male [N (%)] 35 (49) 20 (53) 0.433†

APOE ε4 carrier: [N (%)] 10 (13) 17 (45) 0.000202†

MCA [mm/sec2, mean (±SD)] 32.97 (±5.96) 30.08 (±7.2) 0.067‡

MCV [mm/sec, mean (±SD)] 4.48 (±0.63) 4.05 (±0.62) 0.021‡

CV [mm/sec, mean (±SD)] 3.23 (±0.47) 2.92 (±0.42) 0.12‡

AMP [mean (±SD)] 1.54 (±0.29) 1.41 (±0.26) 0.77‡

~Analysis of variance (ANOVA) for the continuous age demographic variable (p < 0 05 considered significant). †χ2 test for categorical demographic variables
(gender and APOE ε4 carrier status) (p < 0 05 considered significant). ‡p value from the generalised linear model analysis of differences between groups
(including significant confounders). Bold values significant after adjustment for false discovery rate (FDR) using the Benjamini and Hochberg method.
APOE ε4 carrier status refers to carrier/noncarrier of an apolipoprotein E ε4 allele. NAB refers to neocortical amyloid burden, SD refers to standard
deviation, mm refers to millimetres, sec refers to seconds, PFR refers to pupil flash response, HC refers to healthy control, AD refers to Alzheimer’s disease,
GLM refers to generalised linear methods, MCA refers to maximum constriction acceleration, MCV refers to maximum constriction velocity, CV refers to
average constriction velocity, and AMP refers to constriction amplitude.

Table 3: Demographics and descriptive PFR analysis for the longitudinal HC group stratified according to neocortical amyloid burden
(NAB), with ANOVA, χ2 test, and GLM and ROC analyses.

Healthy control [low NAB] Healthy control [high NAB] p value

Number of participants [N] 19 11

Age: years [mean (±SD)] 72.2 (±0.31) 72.1 (±4.3) 0.97~

Sex: male [N (%)] 7 (37) 8 (73) 0.00026†

APOE ε4 carrier [N (%)] 4 (21) 10 (91) 0.035†

Change in MCA [mm/sec2, mean (±SD)] −1.49 (±1.80) −5.66 (±3.10) 0.0068‡

Change in MCV [mm/sec, mean (±SD)] −0.19 (±0.17) −0.55 (±0.42) 0.047‡

Change in CV [mm/sec, mean (±SD)] −0.52 (±0.75) −0.21 (±0.1) 0.62‡

Change in AMP [mm, mean (±SD)] −0.24 (±0.32) −0.13 (±0.09) 0.24‡

~Analysis of variance (ANOVA) for the continuous age demographic variable (p < 0 05 considered significant). †χ2 test for categorical demographic variables
(gender and APOE ε4 carrier status) (p < 0 05 considered significant). ‡p value from the generalised linear model analysis of differences between groups
(including significant confounders). Bold values significant after adjustment for false discovery rate (FDR) using the Benjamini and Hochberg method.
APOE ε4 carrier status refers to carrier/noncarrier of an apolipoprotein E ε4 allele. NAB refers to neocortical amyloid burden, SD refers to standard
deviation, mm refers to millimetres, sec refers to seconds, PFR refers to pupil flash response, HC refers to healthy control, AD refers to Alzheimer’s disease,
GLM refers to generalised linear methods, MCA refers to maximum constriction acceleration, MCV refers to maximum constriction velocity, CV refers to
average constriction velocity, and AMP refers to constriction amplitude.
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(CI [0.75–1]). Adding age and APOE ε4 carrier status
improved the performance of the model to sensitivity 91%,
specificity 100%, and AUC 0.99 (CI [0.96–1.0]).

4. Discussion

The results are indicative of a weaker constriction phase pupil
response in AD, consistent with earlier studies [3–5, 9].
Possible causes of the PFR changes in AD are degeneration
in relays in the midbrain or central cholinergic depletion
[11, 12]. The four PFR parameters considered in this study
are all measures of the constriction phase of the PFR which
is primarily a parasympathetic cholinergic response [1].
These four PFR parameters were also the same parameters
that were most significantly altered in AD in prior studies
[3–8]. The results therefore suggest cholinergic deficits in
the peripheral parasympathetic pathway in AD. AD
patients receiving pharmacological treatment with anticho-
linesterase agents (such as Donepezil) have been excluded
from this study, due to the likely effect of these drugs on
the PFR. The necessary exclusion of those on anticholines-
terase agents introduces some bias as it is possible that
those not so treated are going to be different in some way
from the 60–70% of AD subjects who do receive such
therapy; for example, reported results from other studies
indicate that Donepezil may normalize PFR in some AD
patients [4, 5]. If PFR changes in AD relate to neurotrans-
mitter status, then PFR testing may be useful as an objec-
tive, noninvasive monitor with which to follow disease
progression and treatment efficacy.

As therapeutic trials in AD have shifted to earlier,
preclinical intervention [33, 34], the need has grown for a
practical screening test to identify those individuals on the
pathway to symptomatic AD. Clinicopathologic studies at
autopsy support the hypothesis of a protracted asymptomatic
stage of AD, with the slow buildup of Aβ protein plaques
beginning about 10–20 years prior to diagnosis [35–41].
PET Aβ neuroimaging provides a semiquantitative measure
of NAB [16, 18–20]. However, while it is a valuable

diagnostic and secondary screening biomarker, the proce-
dure is not suitable as a primary screening technology for
AD, due to cost, availability of PET scanners, invasiveness,
and radiation dose. There is consequently a need for a nonin-
vasive, cost-effective population-based AD screening tech-
nology to triage those requiring more extensive screening.
Recent results from Aβ immunotherapy trials have shown
promise, both for clearance of Aβ from the brain and
for slowing cognitive decline in early or preclinical AD
[33, 34], clearly underscoring the need for early detection.

To investigate pupillometry as a potential component of
such an AD screening test, the present study investigated
constriction phase pupil response in cognitively normal
healthy control individuals stratified according to PET-
determined NAB. The low-NAB group consists of cogni-
tively and neuropathologically normal healthy control
participants, while the high-NAB group consists of partici-
pants who have AD neuropathology but are still cognitively
normal, suggesting they are in the preclinical phase of AD.

Since the cross-sectional data suggest a weaker pupil
response in the high-NAB group, we hypothesized that longi-
tudinal monitoring of pupil response may perform better at
detecting preclinical AD. Natural variation in PFR between
individuals may limit the utility of a single PFR test for AD
screening; hence, it is possible that longitudinal monitoring
might facilitate more accurate preclinical detection or moni-
toring of AD. Hence, we also investigated longitudinal
changes in PFR over approximately 3 years. As the group
means for each PFR parameter change were negative, the
results suggested a decline in PFR over the period, consistent
with the observed age-dependence of PFR parameters in the
full cohort. The reduction in MCA was more pronounced in
the high-NAB group, with a similar trend for MCV (not
significant after multiple testing adjustment). Longitudinal
change in MCA and MCV provided good classification accu-
racy (AUC 0.9); hence, pupillometric changes over time may
have utility in detecting preclinical AD. The value of PFR
testing may be in its use for providing a noninvasive monitor
of physiological abnormality with which to follow disease
progression and treatment efficacy.

Overall, the results add to the evidence of a weaker pupil
flash response in AD and suggest that some PFR changes
may occur in preclinical AD. To our knowledge, we are the
only group to report on PFR differences with respect to
NAB and preclinical AD. Cholinergic depletion may occur
in preclinical AD, and pupillometry may have utility as a
component of a practical screening test for early detection
of AD. Additionally, longitudinal pupillometry could provide
a practical monitoring test for disease progression or
response to therapy.

The constriction phase of the PFR is primarily a para-
sympathetic response of the autonomic nervous system;
hence, constriction PFR parameters can be used as an accu-
rate method to assess the function of the neurotransmitter
involved, acetylcholine [1, 3, 42]. Studies have suggested that
PFR is sensitive to early cholinergic depletion which can lead
to a decline in cognitive function. Cholinergic depletion may
also occur in other diseases such as Parkinson’s disease [43],
which has also been reported to influence PFR [5, 9]. Hence,
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Figure 2: Comparison across clinical groups of the maximum
velocity in the constriction phase of the pupil flash response. HC
refers to healthy control participants, AD refers to Alzheimer’s
disease, mm refers to millimetres, and sec refers to seconds.
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the specificity of the PFR changes in AD needs further inves-
tigation using cohorts which include individuals with other
disorders that may affect the cholinergic system and PFR.

A major strength of this study is the well characterized
cohorts, including the presence of neuroimaging data that
enable deeper interrogation of associations between PFR
parameters and AD. A limitation was the small number
of participants (N = 27) in the longitudinal study; the
results warrant further investigation with a similarly well-
characterized, larger cohort.

5. Conclusions

This study demonstrates relationships between pupil
response parameters, neocortical amyloid plaque load, and
AD. Some PFR changes that are associated with diagnosed
AD also occur in preclinical AD.

Pupillometry demonstrates potential as an adjunct
(possibly together with blood or other biomarkers) (1) for
accurate diagnosis of AD and monitoring of disease progress
and response to therapy and (2) for low-cost and noninvasive
detection of preclinical AD, recruitment into preclinical
AD therapeutic trials and also monitoring response in
these trials.

The results of this study suggest that PFR monitoring,
rather than a single PFR test, might be more powerful as part
of an early screening test for AD and for monitoring disease
progress and response to intervention. Pupillometry is a
low-cost, noninvasive technology that may reflect early cho-
linergic deficits preceding memory and cognitive decline.
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Purpose. To investigate the significance of difference in straylight of cataract eyes with different morphologies, as a function of age
and visual acuity. Methods. A literature review to collect relevant papers on straylight, age, and visual acuity of three common
cataract morphologies leads to including five eligible papers for the analysis. The effect of morphology was incorporated to
categorize straylight dependency on the two variables. We also determined the amount of progression in a cataract group using
a control group. Results. The mean straylight was 1.22 log units± 0.20 (SD) in nuclear (592 eyes), 1.26 log units± 0.23 in cortical
(776 eyes), and 1.48 log units± 0.34 in posterior subcapsular (75 eyes) groups. The slope of straylight-age relationship was 0.009
(R2 = 0 20) in nuclear, 0.012 (R2 = 0 22) in cortical, and 0.014 (R2 = 0 11) in posterior subcapsular groups. The slope of
straylight-visual acuity relationship was 0.62 (R2 = 0 25) in nuclear, 0.33 (R2 = 0 13) in cortical, and 1.03 (R2 = 0 34) in posterior
subcapsular groups. Conclusion. Considering morphology of cataract provides a better insight in assessing visual functions of
cataract eyes, in posterior subcapsular cataract, particularly, in spite of notable elevated straylight, visual acuity might not
manifest severe loss.

1. Introduction

The eye is an optical system with imperfections. Entering this
optical system, light is refracted by the ocular media (e.g., cor-
nea and crystalline lens) to form an image on the retina. How-
ever, part of this light is scattered by optical imperfections.
Depending on the direction of scattering (forward or back-
ward), it can have different influences on vision. The forward
light scattering causes (intraocular) straylight or disability
glare [1]. It produces undesired veiling of the retinal image
which leads to reduced vision, glare, and other visual impair-
ments. In young healthy eyes, almost 10% of the inbound light
is scattered [2].However, in eyes older than50years of age, this
number increases considerably [3]. A phakic norm curve has
been established that can be used as a reference for clinical
practice [3]. Some pathological conditions, in particular
cataract, increase the amount of intraocular straylight above
normal. In clinical practice, a patient’s visual complaints, oph-
thalmic examination with a slit-lamp, and measurement of

visual acuity are thepredominant scales formanagingcataract.
It should be noted that a slit-lamp examination provides only
backscatter-based assessments. As the correlation between
forward and backward light scattering has been shown to be
small, methods that measure the amount of backscatter, such
as slit-lamp examination, cannot reliably quantify straylight
and glare [4–7]. Various studies have shown that straylight is
a vision impairment that is not directly related to visual acuity
and is only weakly correlated to it [3, 8]. A computerized
purpose-built device, called C-Quant (Oculus Optikgeräte
GmbH),measures the amount of ocular straylight and renders
a parameter in the logarithmic unit (log(s)) with good reliabil-
ity and repeatability [9–11].

As mentioned earlier, visual acuity is an important crite-
rion in the cataract surgical decision-making process. How-
ever, various studies [12, 13] have shown that in a significant
number of cataract cases, visual acuity is not an adequate
measure to judge visual performance. Subsequent studies
have supported this notion [14, 15]. Moreover, there have
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been reports of no change or even an increase in straylight
after cataract surgery when the decision was made solely
based on visual acuity [16]. The reason for this is that visual
acuity only evaluates the impact of narrow-angle light
spreading due to refractive errors and therefore can only
measure a limited part of a patient’s vision [13, 17]. Elliot
et al. [7] expressed that additional visual tests were needed
that could mirror visual loss but at the same time should
be unrelated to visual acuity. They acknowledged the direct
compensation method to quantify straylight as a standard
technique to evaluate the validity of disability glare tests.

Recently, a literature review [18] established a norm
curve for pseudophakic eyes and also a reference curve to
estimate the amount of straylight to be expected after cataract
surgery by introducing straylight improvement as a function
of age and preoperative straylight. Although this reference
is a good measure for cataract management in an average
eye, it may overlook the influence of the type, location, and
intensity of the cataract on the outcome because the type of
cataract was not specified in the norm curve. To establish
morphologically categorized references, we need a phakic
norm stratified to the type of cataract. In the present study,
we performed a literature review to identify relevant papers
on straylight, age, and visual acuity in three common types
of cataract. In addition, we recalculated the significance of
the relation between straylight and visual acuity with taking
cataract morphology into account. The published studies
included in this literature review were evidenced individually
that such correlation varies from one type of cataract to
another. The population sizes and severities of the cataracts
were different across these studies. We consider the relatively
large final number of observations and their diverse degrees
of cataract intensity as the strength of this study to improve
the generalizability of the results.

2. Materials and Methods

This study includes two parts. The first part encompasses a
comprehensive literature review to study the effect of differ-
ent cataract morphologies on straylight and to determine
models for straylight values as a function of age for different
types of cataract. Second, we calculated the correlations
between straylight and visual acuity, the amount of progres-
sion of straylight and visual acuity from those of a normal
group, and the ratios of straylight to age and visual acuity
in each cataract group.

A literature examination was carried out including all
available studies that reported straylight values, measured
with a C-Quant instrument (Oculus Optikgeräte GmbH),
in cataract eyes with specification of its morphology. The lan-
guage of the articles and age, gender, and race of the partici-
pants had no influence in this process. All papers provided
information on intraocular straylight, age, and visual acuity
of participants with the specification of the type of cataract.
All papers had excluded patients with a history of ocular
surgery or diseases, diabetic retinopathy, glaucoma, and
age-related macular degeneration. We considered data with
expected standard deviation (ESD) of 0.12 log units or less
reliable for analysis.

PubMed, Medline, and Google Scholar were the scientific
databases we screened using the following keywords: stray-
light, C-Quant, age, visual acuity, cataract, cataract morphol-
ogy, cataract classification, LOCS III, nuclear cataract,
cortical cataract and posterior subcapsular cataract (PSC). In
case of overlapping data in the studies, the one with the larger
populationwas included for the review.Fivepapersmet theeli-
gibility criteria: de Waard et al., Nischler et al., Bal et al.,
Congdon et al., and Filgueira et al. [6, 19–22]. Because of lack
of the desired data in four cases, we contacted the correspond-
ing authors. In one case, there was no response; therefore
GSYS2.4 (a graph digitizing system developed by Nuclear
Reaction Data Center, University of Hokkaido, Japan) was
used to extract data from the published graphs. Table 1 shows
which data were reported by the five included studies. It has to
be noted that the various studies classified the types of cataract
differently based on LOCS (Table 2).

Data from all five articles were used to develop the log(s)-
age normative curves for the three types of cataract. The
correlations between the two variables were calculated and
compared with each other. We calculated the normally
expected mean straylight value for each cataract type, all
types of cataract combined and the control group by using
the log(s)-age normative equation obtained by van den Berg
et al. [23], which reads

log straylight parameter = log s
= 0 9 + log 1 + age/65 4

1

Table 1: Red circles show deficient data, and green circles show
available data in each individual study.

Cataract Study (year) Age SL VA

Nuclear

Filgueira et al. (2016)

Congdon et al. (2012)

Bal et al. (2011)

Nischler et al. (2010)

de Waard et al. (1992)

Cortical

Filgueira et al. (2016)

Congdon et al. (2012)

Bal et al. (2011)

Nischler et al. (2010)

de Waard et al. (1992)

Posterior subcapsular

Filgueira et al. (2016)

Congdon et al. (2012)

Bal et al. (2011)

Nischler et al. (2010)

de Waard et al. (1992)
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The results were compared with the measured straylight
values. The residuals are displayed by using histograms. To
study the possible differentiative impact of morphology on
the progressive process of cataract, we used the largest con-
trol group—which belonged to Nischler et al.—with the best
straylight and visual acuity values. We then compared the
straylight and visual acuity of each cataract group in each
study by connecting the mean values to those of the control
group using arrows to show the magnitude and direction of
progression. The slopes and lengths of the arrows were com-
pared with each other. The correlations between log(s) and
logMAR visual acuity values were calculated and compared
with each other. We also calculated the ratio of straylight to
age and visual acuity for each type of cataract; the results
are illustrated using box-and-whisker plots. The log(s)-log-
MAR normative curves for each type of cataract are also
derived using data from all five articles.

Linear regression analysis was performed with Excel soft-
ware (2010, Microsoft Corporation) and SPSS Statistics 21
(IBM Corporation) on the straylight values—log(s)—to
describe it as a function of age and logMAR visual acuity.
Unpaired t-tests were used to calculate the significance of dif-
ferences in means (±95% CI) between each study and the
normative curve of each cataract type. The significance level
was set at P value less than 0.05.

3. Results

3.1. Comprehensive Review. As explained in Materials and
Methods, five reports fulfilled the eligibility criteria.
Table 3 shows a summary of outcomes of each study.
Table 4 shows the outcomes for each type of cataract, all
types of cataract combined, and the control group. Figure 1
illustrates age, visual acuity, and straylight distributions in
each cataract group.

The evaluations concerning log(s)-logMAR-related
analyses were based on 776 total observations, with mean
visual acuity of 0.02± 0.18 log units (range −0.30 to 0.70
log units) and mean straylight of 1.23± 0.22 log units
(range 0.61 to 2.09 log units). The total number of cataract
eyes was 725 for evaluations concerning log(s)-age-related
analyses with a mean age of 63± 9 years (range 44 to 85
years of age). Figures 2 and 3 show the log(s)-age and
log(s)-logMAR linear regressions for studies comprising
the required data.

3.2. Effect of Cataract Morphology on Straylight. Straylight
varied as a function of cataract morphology (Table 3); it
was significantly higher in the three cataract groups (1.22
± 0.20 log units in nuclear cataract, 1.26± 0.23 log units in
cortical cataract, and 1.48± 0.34 log units in PSC) compared
to the control group (1.12± 0.16 log units, P < 0 05). In addi-
tion, in all cataracts combined, straylight was significantly
increased (1.26± 0.12 log units) relative to the control group
(P < 0 05).

3.3. Correlation with Age. Straylight showed the highest
correlation with age in Congdon et al.’s nuclear group
(R2 = 0 36, P < 0 05), and it showed no to a very weak correla-
tion in several other groups (Table 3). Figure 1 shows phakic
normative curves for each type of cataract; the data were
derived from 574 eyes of nuclear, 93 of cortical, and 58 eyes
of PSC. Overall, cortical cataract showed the highest correla-
tion between log(s) and age (R2 = 0 22, P < 0 05), and the
overall PSC showed the lowest correlation between the two
variables (R2 = 0 11, P < 0 05) (Table 4). Figure 2 shows
reference curves for cataracts and control group. The overall
relationships read as

straylight value = 0 009 × age + 0 60
nuclear group R2 = 0 20, P < 0 05 ,

straylight value = 0 012 × age + 0 50
cortical group R2 = 0 22, P < 0 05 ,

straylight value = 0 014 × age + 0 53
PSC group R2 = 0 11, P < 0 05 ,

2

whereas that of the control group reads

straylight value = 0 007 × age + 0 68
control group R2 = 0 17, P < 0 05

3

Mean straylight values are displayed in Tables 2 and 3.
The figures show differences in different studies.

The mean age of each group is depicted in Figure 3. Using
the log(s)-age norm curve equation obtained by van den Berg
et al. [23], we calculated the expectedmean straylight for each
cataract type of each study, overall cataract types, all cataract
types combined, and control groups. The results were com-
pared with the measured straylight values. The residuals are

Table 2: Range of intensity defined for each type of cataract in the studies.

Study Cataract definition

Filgueira et al. (2016)
Early age-related cataracts: nuclear (NO= 1 and 2), posterior subcapsular

(P= 1 and 2)

Congdon et al. (2012) Nuclear (NO≥ 3)

Bal et al. (2011)
Nuclear (NO> 2, NC> 2, C≤ 2, P≤ 1), cortical (NO≤ 2, NC≤ 2, C> 2, P≤ 1),

posterior subcapsular (C≤ 2, P> 1)

Nischler et al. (2010)
Nuclear (2≤NO≤ 4, 2≤NC≤ 4, C< 2, P≤ 1.5), cortical (NO< 2, NC< 2, 2≤C≤ 4, P≤ 1.5),

posterior subcapsular (NO< 2, NC< 2, C< 2, 1.5≤ P≤ 4)
de Waard et al. (1992) Advanced age-related cataracts (morphologically not categorized)
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Figure 1: Age, intraocular straylight, and best-corrected visual acuity plotted for cataract and control groups. Straylight and visual acuity
differed significantly from PSC to the other cataracts and control group. (NC: nuclear cataract; CC: cortical cataract; and PSC: posterior
subcapsular cataract).
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posterior subcapsular cataract derived from three studies and control group are plotted. Black dotted lines are the regression lines.
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displayed in Figure 4. We must remind the reader that not
every study provided information on age (Table 1). Among
three cataract groups, the mean straylight of PSC group
showed the highest difference from the expected mean stray-
light of an age-matched phakic group; by contrast, nuclear
group showed the smallest difference. The same figure shows
negligible difference between measured and expected stray-
light in control group.

3.4. Correlation with Visual Acuity. Straylight showed the
highest correlation with logMAR visual acuity in de Waard
et al.’s cortical group (R2 = 0 29, P < 0 05) and the lowest cor-
relation in Nischler et al.’s cortical group (R2 = 0 00,
P = 0 99). Overall, PSC showed the highest correlation
between straylight and logMAR visual acuity (R2 = 0 34,
P < 0 05) and cortical cataract showed the lowest correlation,
however significant, between the two variables (R2 = 0 13,
P < 0 05). The relations and correlation coefficients between
log(s) and logMARvisual acuity are reported inTables 3 and4.

Figure 5 shows log(s)-logMAR reference curves for cata-
racts and control group. The overall relationships read as

straylight value = 0 62 × visual acuity + 1 22
nuclear group R2 = 0 25, P < 0 05 ,

straylight value = 0 33 × visual acuity + 1 24
cortical group R2 = 0 13, P < 0 05 ,

straylight value = 1 03 × visual acuity + 1 34
PSC group R2 = 0 34, P < 0 05 ,

4

whereas the norm of the control group reads as

straylight value = 0 25 × visual acuity + 1 14
control group R2 = 0 03, P < 0 05

5

From the above relationships, one can see that straylight
varies as a function of morphology. Patients with PSC for a
similar logMAR visual acuity have a higher straylight than
the other cataracts and control group.

3.5. Cataract: Progression from Healthy Eyes. We estimated
the amount of progression of mean straylight and mean
visual acuity from those of the control group in each individ-
ual study and cataract groups. The progression lines are dem-
onstrated in Figure 6. Data showed that PSC in Bal et al. had
the highest progression from noncataract status in terms of
both straylight (ΔSL=0.68 log units) and visual acuity
(ΔVA=0.37 log units). However, with respect to the progres-
sion of individual variables, the mean visual acuity increased
the most in de Waard et al.’s nuclear group (ΔVA=0.46 log
units), whereas its mean straylight value increased
(ΔSL= 0.42 log units) less than that of Bal et al.’s PSC group.
The mean visual acuity deteriorated the least in Nischler
et al.’s nuclear and cortical groups.

3.6. Ratio between Straylight and Age and Visual Acuity. The
ratios between straylight and age and between straylight and
visual acuity are illustrated using box-and-whisker plots
(Figure 7). The median of straylight parameter (s)/age (year)
had the lowest value in nuclear cataract group and the highest
value in PSC group, albeit with a rather more skewed distri-
bution comparing the two other cataract groups. The differ-
ences in medians of the PSC group and the other two
cataract groups were statistically significant. The median of
log(s)-logMAR showed similarly lower values in nuclear
and cortical groups in comparison to that of PSC group.

0 0.1 0.2 0.3 0.4 0.5 0.6

NC
CC

PSC

NC
CC

PSC

NC
PSC

NC

NC
CC

PSC

Total Cat
Ctrl

Total

Congdon et al.

Filgueira et al. 

Bal et al. 

Nischler et al.

Difference between mean measured straylight and
age-matched phakic norm straylight (log(s))

Figure 4: Differences between the mean straylight value in patients
with different types of cataract for the various studies and the age-
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van den Berg et al. [23] are plotted. In all data, straylight in
patients with PSC cataract showed the highest deviation from that
of a noncataract (phakic) group. (Ctrl: control group; Total cat: all
cataract groups combined; NC: nuclear cataract; CC: cortical
cataract; and PSC: posterior subcapsular cataract).
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4. Discussion

The application of the findings of this literature review is lim-
ited by the restricted range of the severity of cataracts and the
difference in age between the studies. However, it is a good
place to start studying the distinctive relationship between
cataract morphology and visual functions. There is a strong
correlation between cataract morphology, the intensity of
lens opacification, and impairment of visual functions (i.e.,
straylight and visual acuity).

From the results, we found that PSC population was gen-
erally younger, which is in agreement with the literature
[24–27] reporting that the average age of the population
developing or undergoing surgery for PSC is younger than
that for other types of cataract.

In the present study, the log(s)-age dependencies were
obtained for cataracts of different morphologies. Among five
published articles used in this literature review, four could be
used for the nuclear, three for the PSC, and two for the corti-
cal log(s)-age dependency equations (Table 1). These equa-
tions cannot be considered normative reference curves,
because the different studies made a severity selection of the
cataract populations. This must have influenced (weakened)
the dependencies. The slopes of the dependency equations
varied from one cataract group to another, but the differences
were not statistically significant. The slope of the dependency
function of the nuclear cataract was close to that of the con-
trol group. The reason is that Nischler et al.’s nuclear group
with patients with rather good vision was remarkably larger
than the rest. The differences between cataracts and control
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groups, as mentioned earlier, were small, with large overlap
between the cataract and control populations. This points
at limited validity of the LOCS cataract grading. Although
LOCS serves to improve the grading and classifying slit-
lamp observation, it is not precise for assessing function. As
mentioned in the introduction, there is a weak relation
between backscatter and forward scatter; therefore, a slit-
lamp-based measurement cannot be a reliable means to
quantify forward scatter. The correlation between log(s)
and age also varied between cataract groups and control

group; it was the highest in cortical cataract and the lowest
in PSC.

In each cataract group, the difference in the mean stray-
light values of individual studies and the respective depen-
dency function was significant. This can be explained by
different levels of cataract severity and significant difference
in the number of eyes of the largest study and the rest. Such
difference was not observed between the slopes of each study
and the respective dependency functions. It appeared that the
mean straylight values of the reference curves were
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moderately closer to those of Nischler et al.’s nuclear and cor-
tical groups. Nischler et al. covered the major part of the
overall data in these two groups; therefore, it is no surprise
that it leads the outcomes. The reason Nischler et al. had
the lowest mean values in straylight and visual acuity may
be due to the fact that the patients were active drivers; there-
fore, they had comparatively better vision than their age-
equivalent peers in other studies. The lowest straylight
belonged to Filgueira et al.’s PSC. This is a deviant behavior
as PSC in every other study had the highest straylight value.
This group’s visual acuity was almost as low as that of Nischler
et al. Recruiting patients with eyes at the early stage of cataract
in these two studies can explain these results (Table 2). When
we left out data fromNischler et al. and Filgueira et al., the dif-
ference in means of cataract groups became very small,
whereas the mean straylight of PSC was approximately 0.3
log units higher than that of other cataracts. This is in agree-
ment with the finding by Elliott et al. [28, 29] that in the
advanced stages of cataracts, for patients with PSC, visual acu-
ity alone is not an adequate assessment of visual performance
and cataract management. The straylight curve established
for normal phakic eyes [23] shows that straylight increases
strongly with age with a logarithmic relation (to the power of
4). The change in straylight shows stable behavior in young
eyes and considerably increases over 50 years of age. However,
our findings showed rather linear relationship between log(s)
and age. Thismay be related to the selection based on severity.
We also found that the control group in Figure 4 shows the
phakic reference norm works very well.

The correlation between log(s) and logMAR visual acuity
varied from none to a moderate one in individual studies and
within cataract types, but it never was strong. Overall, no type
of cataract showed strong log(s)-logMAR correlation. In clin-
ical practice, this means straylight cannot be predicted on the
basis of visual acuity for any type of cataract. Figure 6 shows
that, overall, in PSC group straylight deteriorated faster than

visual acuity. Some studies [30, 31] found that with increasing
the severity of posterior capsule opacification (PCO), visual
acuity and straylight deteriorate, albeit with different rates;
the PCO severity-log(s) relation is linear, whereas the PCO
severity-logMAR is curvilinear [31]. Therefore, straylight is
more sensitive to the changes in PCO severity than visual acu-
ity. Kruijt and van den Berg [32] also discussed this difference
for localized processes.

Regardless of severity of cataracts, the present study sup-
ports the notion that the straylight is the highest in PSC.
Fluctuations in density and discontinuous refractive index
can be responsible for such amplification [33, 34]. The
difference between log(s)-logMAR dependency slopes of
cataracts of different morphologies and their correlation
coefficients is notable. The distinction between PSC and
noncataract eyes is especially remarkable. The log(s)-log-
MAR progression of cataracts from a control group in our
study also showed that PSC deteriorated the most in terms
of visual functions. Therefore, it can be inferred that patients
with this type of cataract would benefit the most from sur-
gery. However, to draw definite conclusion, further studies
on the improvement of visual functions after cataract sur-
gery considering cataract morphologies are necessary. The
results presented in Figure 4 show that the age-corrected
mean straylight values of Bal et al. in every cataract groups
are higher than those of other studies. Unlike patients
recruited in the other studies, these patients were listed for
cataract surgery. When Bal et al.’s patients were excluded
from analysis, PSC had the worst visual acuity; the change
in visual acuity in all cataract groups was in average 0.03
log units. The changes in straylight of nuclear and cortical
groups were negligible, but it decreased about 0.11 log units
in PSC. Therefore, the difference in mean straylight of PSC
remained remarkably higher than the other cataracts and
the correlation with age decreased (R2 = 0 04, P = 0 22).
The slopes of the new reference curves remained almost
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Figure 7: (a) Ratio between straylight parameter and age for each type of cataract: the median of such ratio is significantly higher in the PSC
group. (b) The same is valid for straylight-visual acuity. Both cases suggest that straylight is highest in the patients with PSC group albeit lower
and/or similar age and visual acuity than/as the other cataracts. (Ctrl: control group; NC: nuclear cataract; CC: cortical cataract; and PSC:
posterior subcapsular cataract).
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unchanged. We observed no change in the new log(s)-log-
MAR correlation in any cataract group, whereas the slopes
changed, albeit insignificantly, with the average change of
0.06. Although the effect of excluding Bal et al.’s data on
our analysis was unimportant, one needs to recognize the
relatively small size of this study as an effective factor in
this context.

It should be noted that correlations that were significant
in one or some studies, and were not in the other(s), were
in fact significant in the whole cataract group. However, this
cannot be said about the whole data (different types of cata-
racts combined), because of different morphologies and
eventually different optical dynamics.

5. Conclusion

We confirm that straylight in cataract eyes varies rather
independently from age and best-corrected visual acuity. The
independence of these two aspects of crystalline lens was spec-
ulated tobe causedbydifferentoptical processesof remarkably
different scales [3].We found that, in accordance to the litera-
ture, to assess visual functions of cataracts, the analysis should
consider cataract morphology. This becomes more crucial in
PSC, where the general visual acuity might not show severe
loss, but a remarkable increase of straylight above the cutoff
value of 1.40 logunits [35] canhavenegative effect on the qual-
ity of life. The norm curves obtained in this literature review
serve todistinguish theparticular effectof each typeof cataract,
from early-stage to mild, on visual impairment. However to
generalize our results, scrutinize their validity in more severe
cataracts, and to develop postoperative straylight improve-
ment references, further studies are needed.
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Purpose. To design an intraocular telescopic system (ITS) for magnifying retinal image and to simulate its optical and visual
performance after implantation in a human eye model. Methods. Design and simulation were carried out with a ray-tracing and
optical design software. Two different ITS were designed, and their visual performance was simulated using the Liou-Brennan
eye model. The difference between the ITS was their lenses’ placement in the eye model and their powers. Ray tracing in both
centered and decentered situations was carried out for both ITS while visual Strehl ratio (VSOTF) was computed using custom-
made MATLAB code. Results. The results show that between 0.4 and 0.8mm of decentration, the VSOTF does not change
much either for far or near target distances. The image projection for these decentrations is in the parafoveal zone, and the
quality of the image projected is quite similar. Conclusion. Both systems display similar quality while they differ in size;
therefore, the choice between them would need to take into account specific parameters from the patient’s eye. Quality does not
change too much between 0.4 and 0.8mm of decentration for either system which gives flexibility to the clinician to adjust
decentration to avoid areas of retinal damage.

1. Introduction

Retinal damage results in localized vision loss, and frequently,
visual rehabilitation implies optimizing the remaining vision
bymeans of imagemagnification and/or decentration to non-
affected areas. Age-related macular degeneration (AMD) is a
retinal condition that causes a progressive loss of central
vision, and its prevalence is being increased due to ageing of
the world population and sedentary. Patients diagnosed with
AMD face significant and progressive visual loss, which may
lead to legal and social blindness [1]. In this situation, patients
need to use the peripheral field of view in order to track mov-
ing objects and tomove in their environment [2–4]. This adds
up to the fact that many AMD patients are also afflicted by
cataract, where both conditions decrease visual acuity.

Cataract extraction and intraocular lens implantation not
only solves satisfactorily the visual decrease caused by the

cataract [5] but also improves visual acuity and quality of life
in AMD patients, while not influencing the progression of
the disease [6]. In this situation, implanting an intraocular
telescopic system (ITS) might be an option to consider for
optimizing the remaining visual capability of the eye.

An ITS is a miniaturized telescopic device that can be
implanted in the human eye. Several trials and research
studies have reported the good clinical outcomes, safety,
and improved quality of life after implantation [7–10]. These
ITS may be grouped into two types: the first one is composed
of 2 lenses with high optical power (Galilean telescope) [11]
and the second one is composed of mirrors (Cassegrain
telescope) [12]. Both ITS project a magnified image, with a
magnification of ×2 or ×3, but there is a large variety of
different magnifications used in common practice.

Within the Galilean-type ITS, a further division can be
made in two more subtypes. The first subtype would be
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positioned between the anterior and posterior chamber of the
eye, while the second one would be positioned completely in
the posterior chamber, behind the pupil. The optimal posi-
tion, distance between the lenses, andmagnification provided
by these ITS have been reported previously [7, 11, 13].

The purpose of the present study is to design one Galilean
telescope of each subtype and simulate optical and visual
outcomes in a human eye model to test vision at different
vergences. There is also a study and comparison of the quality
offered with the decentration of the lenses of each system.

2. Materials and Methods

Ray-tracing and optical design software (ZEMAX, USA) was
used to design and study the optical and visual quality of the
ITS proposed. The human eye model introduced by Liou and
Brennan in 1997 [14] was used for the calculations. This eye
model is simple enough for the needs of the present study,
and while more complicated and recent models could also
be used [15–19], the results would follow the same pattern if
the model simulates an emmetropic human eye. On the other
hand, the main difference between the different theoretical
eye models is the way the crystalline lens is designed. For
the purposes of this study, as further explained later in the
manuscript, the crystalline lens was removed, and therefore,
there is no major difference in using one eye model or the
other. Unless otherwise stated in the paper, all the parameters
of the model used were the same as stated in the original work
by Liou and Brennan.

To carry out the simulations, a central incoming field of
rays of green light (587.6 nm) passing through a pupil of
3mm in diameter was used. Two different target vergences
were used: a target for distance and a target for near at reading
distance (0.41m). As the target distance decreased, the dis-
tance between the lenses had to increase for the image to
remain focused.

2.1. ITS Design. The ITS studied consists of an anterior
positive and a posterior negative lens (Galilean telescope).
Both lenses were of high optical power as described later in
the manuscript. The first ITS designed has the positive lens
in front of the pupil and the negative lens behind, while the

second one is completely positioned behind the pupil. None
of the designs correspond to an existing design, material, or
patent. The ITS through pupil (ITS 1) was designed following
the work of Felipe et al. [11] and the model is shown in
Figure 1. The crystalline lens was removed from the eye
model, and the empty space was given the refractive index
of the aqueous (1.336). The system is composed of a positive
anterior lens of 53 diopters (D) and a negative posterior lens
of −64D. The anterior lens was designed and located
1.66mm from the posterior corneal surface and 0.5mm in
front of the pupil, with a refractive index of 1.55 and thick-
ness of 1mm. The anterior surface of the lens was given
33D of power while the posterior surface was calculated to
be 20.44D, to give a total power of 53D. This power was
calculated from the effective power formula

D = Pa + Pp −
t
n
PaPp 1

In this formula, D represents the total optical power in
diopters; Pa, Pp represent the optical powers of the anterior
and posterior surface of the lens, respectively; t represents the
lens thickness; andn represents the refractive index of the lens.

The posterior lens was designed to be located 2.6mm
behind the pupil, with a total power of −64D. The anterior
surface was given a power of −34D, and the posterior surface
was calculated to be −29.36D. The same thickness and
refractive index were used for the power calculation as
before. The total distance between both lenses was 3.1mm
for distance and 3.65mm for near.

The ITS behind the pupil (ITS 2) design was based on the
work description of Tabernero et al. [13], and the model is
shown in Figure 2. As done previously, the crystalline lens
was removed from the eye model. The empty space was given
the refractive index of the aqueous, and the whole telescopic
system was designed behind the pupil, in the posterior cham-
ber. This system is composed of a positive anterior lens of
66D and a negative posterior lens of −66D. For the positive
lens, the anterior surface was designed with 36D and the
posterior surface 30.71D of dioptric power. For the negative
lens, the anterior surface was designed with −36D and the
posterior −29.32D of dioptric power. All calculations were
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Figure 1: Liou-Brennan eye model with intraocular telescope ITS 1. a, cornea; b, anterior positive lens; c, pupil; d, posterior negative lens;
e, retina.
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carried out as with the previous design, using the formula for
thick lenses. Both lenses had a thickness of 1mm and a
refractive index of 1.55. The distance between the lenses in
this system was 1.5mm for distance and 1.95mm for near.

2.1.1. Optimization and Decentration of the Lenses. Both ITS
were studied under optimized and nonoptimized situations.
The optimization process was done using the optimization
tool provided by the software. This tool optimizes the system
by changing the variables selected by the user in order to get
the least root mean square (RMS) wavefront error of the
whole optical system. The variables used in this study were
the conic constant, the second and fourth asphericity term
of the anterior surface of the positive lens of the system.
These were selected in order to study the differences between
an ITS with spherical lenses and an ITS that also corrects the
aberrations produced by the cornea.

The effect of decentration of the ITS lenses was also
explored. In the case of a nonfunctional macula, redirecting
the image to a healthy region is one option to be consid-
ered. Decentration of the image is provided by a prism
effect produced by the decentration of the two lenses. The
anterior lens of each ITS was decentered up to 1mm in
0.2mm steps. The decentration was done for both opti-
mized and nonoptimized systems. Decentration was
induced in one direction only (y-axis), since the eye model
used is rotationally symmetric. In a customized model (with

astigmatism and decentered surfaces), the direction of the
decentration would have to be chosen according to the
astigmatism and the retinal area where the image needs to
be projected on. Figures 3 and 4 show the decentered ITS
1 and 2 designs, respectively.

In order to decenter the lenses, two more surfaces were
added on top of the surfaces of each lens. These surfaces
are called coordinate break surfaces, and they help the user
to decenter the lens from the optical axis. They do not alter
the final optical and visual quality outcomes in any way, as
they only serve as a tool for changing the position of each
lens. After performing ray tracing through the optical design
software, resulting wavefront RMS error and Zernike coeffi-
cients were collected and fed into a custom-made program
in MATLAB to calculate a metric called visual Strehl ratio
(VSOTF) [20, 21]. The VSOTF is based on the optical trans-
fer function of the whole optical system. It is considered to be
one of the best metrics for assessing retinal image quality and
has been used in research studies [22, 23]. It is calculated as a
ratio of the system’s integrated optical transfer function
modulated by the contrast sensitivity function to its equiva-
lent for a diffraction-limited system,

VSOTF =
∞
−∞

∞
−∞CSFN f x, f y ∗OTF f x, f y df xdf y

∞
−∞

∞
−∞CSFN f x, f y ∗OTFDL f x, f y df xdf y

,

2
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Figure 2: Liou-Brennan eye model with intraocular telescope ITS 2. a, cornea; b, pupil; c, anterior positive lens; d, posterior positive lens;
e, retina.
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Figure 3: ITS 1 with decentered anterior lens. a, cornea; b, anterior positive lens; c, pupil; d, posterior negative lens; e, retina.
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where OTF f x , f y represents the optical transfer function,
OTFDL f x, f y represents the diffraction-limited optical trans-
fer function, CSFN f x, f y is the neural contrast sensitivity
function, and f x , f y are the spatial frequency coordinates [21].

The software program uses the wavefront function, which
is produced fromtheoptics of themodel eye, the telescope, and
the pupil function implemented in the software (circular with
3mm in diameter). By combining these, it calculates the
pupil function that, after Fourier transformation, provides
the point-spread function. A secondary Fourier transform
yields the optical transfer function (OTF) of the system. The
program also calculates the diffraction-limited OTF (OTFDL)
and the neural contrast sensitivity function (CSFN) of the
system [24]. Finally, it combines the OTF, OTFDL, and CSFN
in order to calculate the VSOTF of the system. Figure 5 pro-
vides a graphical approach to the algorithm.

3. Results

The optical quality was measured in terms of total wavefront
RMS error (for 587.6 nm wavelength) and the visual quality
in terms of VSOTF metric. Results for both optimized and
nonoptimized telescopic systems were gathered, with either
centered or decentered lenses in order to study the impact
of decentration in the quality of vision.

Table 1 presents the results for both telescopic systems at
far target distance.

Figure 6 represents graphically the optical quality results
for distance in terms of wavefront RMS error. The wavefront

RMS error results were calculated through the ray-tracing
software, and they were measured for 587.6 nm wavelength.
Figure 6 also shows the visual quality results for distance in
terms of the visual Strehl ratio. The VSOTF results were
calculated through a pupil of 3mm diameter.

Table 2 presents the results for the first and second
telescopic systems at near target distance. Figure 7 shows
graphically the optical and visual results for both telescopic
systems focused at near.

When the lenses of each ITS were decentered, the image
was also moving towards the peripheral area of the fovea.
This image decentration was also measured in the software,
and the results for the nonoptimized ITS are shown in
Table 3. The same table also compiles the results for the opti-
mized ITS image decentration for distance and near.

4. Discussion

Retinal conditions such as AMD have compromised vision
in the central field and benefit from magnifying the retinal
image or relocating it in order to optimize the remaining
visual capabilities. A telescopic system that magnifies and/or
projects the image to a healthy part of the retina could be a
satisfactory option. In the present study, two different ITS
were designed and compared. The first one is composed of
an anterior lens of +53D optical power, positioned in front
of the pupil, and a posterior lens of −64D optical power,
placed behind the pupil. The second telescope is totally posi-
tioned behind the pupil and is composed of an anterior lens
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Figure 4: ITS 2 with decentered anterior lens. a, cornea; b, pupil; c, anterior positive lens; d, posterior positive lens; e, retina.

Wavefront
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Figure 5: A schematic diagram of the custom algorithm written in MATLAB.
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with optical power +66D and a posterior lens of −66D. In
order to focus at different distances, the distance between
the lenses must change as well in both ITS proposed. For
the ITS 1, when focused at distance, the distance between

lenses was 3.1mm, increasing to 3.65mm for near targets.
For ITS 2, the distance between lenses changed from
1.5mm when focused at distance to 1.95mm when focused
at near.

Table 1: Optical and visual results for both telescopic systems (far target distance).

Decentration (mm)
Optimized system Nonoptimized system

RMS (wavelengths) VSOTF RMS (wavelengths) VSOTF

ITS 1

0.0 0.00017 0.99997 0.06621 0.67655

0.2 0.04750 0.56845 0.12529 0.24763

0.4 0.11107 0.27600 0.25315 0.09752

0.6 0.20162 0.19473 0.44053 0.07813

0.8 0.32587 0.17874 0.69565 0.10008

1.0 0.48908 0.18612 1.02587 0.10115

ITS 2

0.0 0.00032 0.99997 0.04573 0.80058

0.2 0.04446 0.65255 0.10011 0.25081

0.4 0.12208 0.40203 0.25297 0.11908

0.6 0.24940 0.37397 0.51092 0.14969

0.8 0.43805 0.32400 0.88700 0.16121

1.0 0.70249 0.09259 1.40018 0.00757
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Figure 6: Telescope root mean square (RMS) wavefront error (a) and visual Strehl ratio (VSOTF) (b) versus decentration of the anterior lens.
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For both designs (see Figure 6), the optical and visual
quality is better when using aspheric lenses in order to correct
the aberrations induced by the cornea and the implantation
procedure. ITS 2 provides better optical and visual results than

ITS 1. The sameobservations can be done fromFigures 4 and 5
for the near target results. Both ITS could provide equal
quality of vision in AMD patients. The ITS 2 provides slightly
better results, and the fact that the whole ITS is behind the

Table 2: Optical and visual results for both telescopic systems (near target distance).

Decentration (mm)
Optimized system Nonoptimized system

RMS (wavelengths) VSOTF RMS (wavelengths) VSOTF

ITS 1

0.0 0.00050 0.99997 0.08162 0.51337

0.2 0.03162 0.75714 0.13343 0.20787

0.4 0.07285 0.42921 0.25653 0.07948

0.6 0.13094 0.29042 0.44222 0.05522

0.8 0.21107 0.23356 0.69713 0.07219

1.0 0.31791 0.21931 1.02795 0.09214

ITS 2

0.0 0.00058 0.99997 0.06363 0.64374

0.2 0.03885 0.71124 0.12556 0.17792

0.4 0.10720 0.44347 0.30485 0.07998

0.6 0.22132 0.39109 0.60986 0.09826

0.8 0.39469 0.37503 1.05769 0.14287

1.0 0.64508 0.17847 1.67465 0.00579
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Figure 7: Telescope root mean square (RMS) wavefront error (a) and visual Strehl ratio (VSOTF) (b) versus decentration of the anterior lens
for near target distance.
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pupil and is smaller in length suggests it could be a better
option for a real implant.

Another parameter that plays a significant role in the
choice of an ITS would be the axial length of the eye. As
Felipe et al. [11] stated in their study, longer eyes (myopic)
would be more suitable for the ITS 1.

A further expansion of this study could be considered in
order to optimize the asphericities of the anterior lens after
the decentration of the lens. This could result in better optical
andvisual quality aspreviouslydone in the studybyTabernero
et al. [13]. In this study, the optimization was done before the
decentration of the lenses in order to test the image quality
when the decentration of an already manufactured ITS needs
to be selected.

For the near targets, the results follow the same trend
with that for distance (Figure 7). The VSOTF decreases
as decentration increases. Nevertheless, between 0.4 and
0.8mm decentration, the difference between the results is
minimal. This could indicate a range of selectable decentra-
tions that would allow the clinician to relocate the retinal
image without modifying significantly its quality.

In general, while the decentration increases, the quality
decreases dramatically. There are astigmatic and coma aber-
rations induced because of the decentration of the lenses. As
Tabernero et al. [13] proposed in their study, a cylinder lens
could be used in order to fix the induced amount of astigma-
tism. On the other hand, as previously discussed, image qual-
ity is not significantly affected by decentrations between 0.4
and 0.8mm for either distance or near targets (Table 3). This
decentration induces a displacement of the retinal image
within the central 3.5 degrees of the retina, which is within
the foveal and parafoveal area.

According to these results, depending on the area of the
retinal damage, the surgeon might choose a specific decentra-
tion for each patient without altering significantly the quality
of the image. For ITS 2 particularly, the calculated VSOTF is
above the 0.3 limit that represents the 0 logMAR, as proposed
by Cheng et al. [25]. Obviously, as departing from the fovea,
the image would be displaced to a retinal region with lower
visual capabilities, and therefore, the final visual result might

be even lower, but the optical quality provided by the ITS
would be better than the visual threshold for that part of
the retina.

Long-term results of recent studies [26] report visual
results in agreement with our simulations. In the same study,
it is also reported that younger patients showed even better
results than the older ones, something that is expected as
their vision is generally better. These young subjects also
presented less adverse events from the application of such
devices. In this way, the simulation of these telescopic
systems could provide better results in terms of agreement
with clinical studies and increase our knowledge in this
research field.

In the end, biometric parameters must be determined
before considering which of the designs should be considered
to be used. Both systems can be used, but there is still space
for more research in their designs and applications.
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